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ABSTRACT
Stomata are microscopic pores in the epidermis of plants that regulate gas exchange and
transpiration. Regulation of stomatal behavior offers opportunity for crop improvement;
stomata are also useful for research into cell patterning, differentiation, and development.
The purpose of this project was to create a reverse genetics, microscopy-based screening
method to identify Arabidopsis genes important in guard cell development. It was
hypothesized that gene coexpression analysis would facilitate identification of gene
candidates involved in stomatal development. Plants harboring mutations in the candidate
genes were analyzed to detect a stomatal phenotype, using dental resin impressions and light
microscopy. Coexpression screening was a good method to find relevant genes. Twenty-four
genes were identified as candidates; four genes presented a stomatal phenotype and should
be further studied. Three candidates were reported to have critical roles in stomatal
development, validating the method. This study provided a basis for future studies in
stomatal functional genetics.
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INTRODUCTION
Stomata are microscopic pores found in the epidermis of the aerial parts of plants. They
are formed by a pair of specialized cells, the guard cells, and have a critical role as
regulators of gas exchange and water loss between the plant and the environment. They
control two major processes in the plant, photosynthesis and transpiration. Because of their
unique characteristics stomata have attracted scientific interest since the first reports of
stomatal observations in the 1600s (Willmer and Fricker, 1996). Our present understanding
of guard cells reveals their extraordinary complexity, and a deeper understanding of stomata
may allow human regulation of stomatal morphogenesis and behavior, leading to
improvement in crop productivity and stress tolerance (Nadeau and Sack, 2002).
From a different perspective, stomata are good experimental systems to study plant
physiology, cell development, and differentiation. Stomata are formed by a series of
asymmetric cell divisions that are essential for most plant tissue differentiation. Study of
formation of the stomatal complex presents an excellent opportunity to understand the
control of cell polarity and asymmetric divisions in plant cells (Geisler et al., 2000; Willmer
and Fricker, 1996).
Guard cells have the highly specialized function of regulating the stomatal opening to
maintain an optimum gas exchange. They have great sensitivity and are continuously
responding to diverse range of stimuli in an autonomous way. Because of these attributes,
they also constitute an important model system for environmental and endogenous signal
transduction in plants (Leonhardt et al., 2004).
During the last decade, great improvements have been made in our understanding of the
genetic regulation of stomatal development. The plant Arabidopsis thaliana is the main

1

model system for these experiments. Many mutations affecting guard cells have been
studied since the first report of tmm (too many mouths) mutation in the mid 1990s, which
causes stomatal clusters (Yang and Sack, 1995). The alteration in the normal number,
pattern, and distribution of stomata in the mutants has allowed an understanding of how
these genes control stomatal formation.
Stomata
Stomata are present in the epidermis of the aerial parts of most higher plants. They are
formed by a pair of specialized cells called guard cells. Altogether, the pore, the guard cells,
and the adjacent subsidiary cells are called the stomatal complex (Figure 1). The word stoma
(singular) comes from the Greek and means “mouth.” Stomata have a critical role as
regulators of gas exchange and water loss between the plant and the environment. They
allow the entry of CO2 , necessary for photosynthesis, and the loss of water vapor and
oxygen, transpiration, which is important in the regulation of leaf temperature and solute
transport (Nadeau and Sack, 2002).

Guard cells

Stoma

Epidermal cell
Figure 1. Stomatal Complex in Arabidopsis thaliana leaf.
Micrograph of nail polish peel of abaxial leaf surface. A cast of the leaf surface was taken with dental resin
impression technique. The Arabidopsis plant was three months old.
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Stomata appeared in the plant kingdom as a necessity for the transition of plants from
their aquatic environment to land. Plants developed a cuticle to prevent excessive water loss
but needed a mechanism to acquire CO 2. Stomatal opening and closing can be regulated by
the plant in response to the environment to achieve optimal concentrations of CO 2 without
losing too much water (Willmer and Fricker, 1996).
Distribution. Stomata are present in most aerial parts, including cotyledons, leaves,
stems, petals, sepals, stamens, gynoecia, and even in some surfaces of developing fruits,
such as banana, tomato, apple, and grape. In the majority of herbaceous plants, stomata are
found in both the upper (adaxial) and the lower (abaxial) epidermis of leaves, but with
different densities. Dicotyledonous leaves have less stomata in the upper surface (Hopkins,
1999). The stomatal density is the number of stomata per unit area and varies substantially
among plants of the same species and leaves of the same plant. Another term used when
describing stomata is the stomatal index, introduced by Salisbury in 1927 (Salisbury E,
1927. CF: Willmer and Fricker, 1996); it is the ratio between the number of stomata per unit
area to the number of stomata plus epidermal cells per unit area in leaves, multiplied by 100.
Stomatal patterning is characteristic of the species and varies significantly. In most
monocotyledons and gymnosperms, they are found in rows along the length of the leaf. In
Arabidopsis thaliana, they are found evenly spaced and almost never next to each other;
there must be at least one cell between two stomata. This constitutes the one-cell-spacing
rule (Nadeau and Sack, 2002).
Anatomically, there are two basic types of stomata, one with kidney-shaped-guard cells
and elliptical stomata, as the ones in Arabidopsis thaliana, and the other with dumb-bellshaped guard cells, which are restricted to the monocotyledons. Arabidopsis stomatal
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complexes are classified as anisocytic, also known as cruciferous type, where the guard cells
are surrounded by three subsidiary cells of unequal size, usually derived from two
asymmetric divisions (Dickinson, 2000).
Stomatal morphogenesis and behavior are highly regulated by environmental factors:
light quality and quantity, access to water and atmospheric humidity, temperature, CO 2
concentrations, hormones (abscisic acid, citokinins, auxins etc), mineral nutrition, circadian
rhythms, life cycle of the leaves, and gaseous environmental pollutants, among others
(Willmer and Fricker, 1996).
Arabidopsis thaliana
Arabidopsis thaliana is a small plant from the Mustard family that does not have
commercial value but is the most important plant model for studies of plant biology,
including molecular genetics, plant physiology, development, and so on. Its great popularity
as a model system results from several features of this plant, including small size that
permits the growth of large numbers of plants in small spaces, small genome size (125 Mb)
that is fully sequenced, the availability of indexed T-DNA mutant collections, and a short
life cycle, in contrast with other crop plant models commonly used in plant science (Pang
and Meyerowitz, 1987). The earliest appearance of Arabidopsis in the scientific literature
can be observed in the late 1800s followed by many other reports of experimentation with
Arabidopsis during the 1900s, but was not until 1980s that it was widely recognized and
adopted as a model plant (Meyerowitz, 2001). It was the first plant to have its nuclear
genome fully sequenced and is now the most studied plant, with thousands of Arabidopsis
research laboratories around the world (The Multinational Arabidopsis Steering Committee,
2008).
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A deep understanding of basic plant biology is needed in order to obtain knowledge to be
applied in crop science, fiber and fuel supply, plants as pharmaceuticals bioreactors, and
other uses of plants to benefit humankind. After the successful sequencing of Arabidopsis in
2002, The Multinational Coordinated Arabidopsis thaliana Functional Genomics Project
has, as their next big challenge, to determine the function of the entire Arabidopsis genome
by 2010 (The Multinational Arabidopsis Steering Committee, 2008).

Figure 2. Arabidopsis thaliana draw (From Sturm J, 1796. http://www.biolib.de).
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Stomatal Development
Stomatal Pathway
The development of a mature stoma consists of a series of cell state transitions to generate
two specialized guard cells from a protodermal cell. First, a protodermal cell commits to a
“meristemoid mother cell” (MMC) fate. A MMC behaves in a certain way, and the principal
characteristic of this state is the asymmetric cell division it undergoes to form two daughter
cells of unequal size. The small daughter cell is called “meristemoid,” and the large daughter
cell is called “stomatal lineage ground cell” (SLGC). The latter can follow three different
paths; it may become a MMC, it may differentiate into a pavement cell, or it may divide to
form two cells that can independently take one of these three options.
The meristemoid has stem-cell character; it undergoes one to three asymmetric divisions
and then has two choices: it can stay as a MMC (like its parent) or it may take a second
change in fate to become a “guard mother cell” (GMC). The main characteristic of a GMC is
that it undergoes a symmetric division to generate two equally-sized daughters. These
daughters will undergo a third state transition to become mature guard cells. As guard cells,
they will not divide and will present a characteristic shape and behavior, as a consequence of
the expression of a special set of genes (Barton, 2007; Nadeau and Sack, 2002). A summary
of these steps is shown in Figure 3.

6

Figure 3. Summary of cell sate transitions and asymmetric divisions in stomatal development.
The first cell state transition in stomatal formation occurs when a neutral protodermal cell becomes a
meristemoid mother cell (MMC). Then the cell divides asymmetrically to form one small daughter cell, a
meristemoid, and a large cell. The meristemoid may remain in the same state or it may undergo a second cell
state transition to guard mother cell (GMC). A GMC divides symmetrically to produce two daughters of equal
size, which undergo a simultaneous third cell state transition to mature guard cells (Nadeau and Sack, 2002).

Gene Regulation of Stomatal Development
The genetic regulation of the stomatal pathway has been studied for the past fifteen years,
and several genes involved in the differentiation and patterning of stomata have been
discovered, although many areas of the current stomatal development model are still not
understood (Pilliteri and Torii, 2007) A brief description of some of the genes with major
roles in the stomatal development pathway is presented here.
TOO MANY MOUTHS (TMM)
TMM gene product is a leucine-rich repeat-containing receptor-like protein. TMM functions
as a part of a signaling pathway that regulates stomatal patterning (Nadeu and Sack, 2002).
The recessive loss of function mutation (tmm) results in clustered stomata and increased
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number of stomata. The clusters present different shapes and can contain up to 26 guard
cells. The main effect of tmm is increased stomatal production through overproduction of
meristemoids, indicating that TMM negatively regulates the entry into the pathway. It is also
involved in meristemoid activity regulation and correct orientation of the asymmetric
divisions necessary to prevent clusters. There are not stomata in the stems, where TMM is a
positive regulator (Yang and Sack, 1995).

Figure 4 . Cryoscanning electron micrographs of Arabidopsis cotyledons (abaxial epidermis).
(A) In wild type, WT, there are not clusters of stomata.
(B) In tmm, clustered stomata are shown. Some stomata present undeveloped pore formation.
Bars = 50 µm. From Yang and Sack, 1995.

FOUR LIPS (FLP) AND MYB88
The FLP gene product is MYB124, a two-repeat (R2R3) MYB (myeloblastosis) protein
expressed soon after the final symmetric division that generates the pair of guard cells. FLP
has a paralogous gene, MYB88, that presents high sequence similarity and an overlapping
function with FLP. The two transcription factors are thought to work together restricting the
number of divisions in the last stage of the stomatal lineage (Lai et al., 2005)
The flp phenotype has two stomata adjacent to each other, breaking the one-cell-spacing
rule, and also some unpaired guard cells. The total number of stomata is increased. flp does
8

not alter meristemoid production or activity, so FLP likely regulates production of guard
cells, by limiting the number of GMC divisions to one, therefore its regulation takes place
someplace between the cell cycle and cell specification. (Yang and Sack, 1995; Nadeau and
Sack, 2002)

Figure 5. Mutation flp-1 presents clusters of two adjacent stomata.
To the left GUS (beta-glucuronidase) staining. Bar = 200 µm. To the right a cryo-scanning electron
micrograph. Bar = 10 µm. (Nadeu and Sack, 2002).

STOMATAL DENSITY AND DISTRIBUTION (SDD1)
SDD1 encodes a subtilisin-like Ser protease, thought to be involved in signaling pathways
that regulate the guard cell lineage (Berger and Altmann, 2000). The mobile signal proposed
to be processed by SDD1 is still unknown. The sdd loss of function mutation phenotype
presents a great increase in stomatal density, and some of the excess stomata are grouped in
clusters, which is in contrast with tmm mutants where almost all stomata are grouped in
large clusters. SDD1 functions include regulation of the number of cells that enter into the
stomatal lineage, as well as the number, frequency, and orientation of asymmetric divisions.
The overlapped functions with TMM indicate that both genes may be involved in the same
signal transduction pathway (Groll et al., 2002).
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ERECTA family: ER, ERL1, and ERL2
ER and its functional paralogues, ERL1 and ERL2, encode leucine-rich repeat-receptor-like
kinases (LRR-RLKs) (Shpak et al., 2005). These proteins work together in the regulation of
stomatal patterning but have other functions not related to stomata, such as promoting organ
growth (Shpak et al., 2003) and coordination of proliferative cell division in the cortex
(Shpak et al., 2004). The loss of function mutant of all three ER-family genes presents highdensity stomatal clusters, thus the ER-family acts as negative regulator of the guard cell
developmental pathway. Together, they regulate the pathway at two critical moments; first,
the decision of protodermal cells to commit to the stomatal lineage, and second, the
maintenance of the stomatal stem cell population and prevention of meristemoid
differentiation into guard mother cells. Complex interactions between TMM and the ERfamily have been studied, indicating that they work together to regulate stomatal-lineage cell
fate (Shpak et al., 2005).
YODA (YDA)
YDA encodes a mitogen-activated protein kinase kinase kinase (MAPKKK) that plays a
critical role in guard cell identity and pattern. The loss of function mutation, yda, prompts an
excessive number of cells to enter the stomatal pathway, resulting in increased guard cell
numbers and clustering in cotyledons and hypocotyls. Down-regulation of YDA is needed to
allow cells to enter the stomatal pathway (Bergmann et al., 2004). YDA is known to have
other functions in the regulation of cell fate transitions in the zygote and the embryo
(Lukowitz et al., 2004).
Downstream of YODA, MITOGEN-ACTIVATED PROTEIN KINASE3 (MPK3) and
MPK6 and their upstream kinases, MKK4 and MKK5 form a module that interacts with
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YODA forming a MAPK signaling cascade that negatively regulates the entry into the
stomatal lineage (Wang et al., 2007).
SPEECHLESS (SPCH), MUTE, and FAMA (FMA)
These three closely related paralogous genes encode basic helix-loop-helix (bHLH)
transcription factors required for stomatal development. Loss of function mutations in any of
them causes absence of stomata. Expression analysis and mutant phenotype studies show
that these genes control key cell-state transitions that lead into guard cell formation (Pillitteri
and Torii, 2007). SPCH is required for the first asymmetric division of the stomatal
pathway. The loss of function mutation spch-1 lacks any cells from the stomatal lineage, and
the epidermis in this case is formed by pavement cells only (Figure 6-C). The gene is
expressed in the developing epidermis and is required for expression of MUTE and FAMA
(MacAlister et al., 2007). The MUTE loss of function mutant completely lacks stomata, but
in contrast with SPCH, presents meristemoids that undergo excessive asymmetric divisions
creating an epidermis with arrested meristemoids surrounded by rosette patterns (Figure 6D). Studies indicate that MUTE directs the key transition from meristemoid to guard mother
cell fate (Pillitteri et al., 2007). FAMA, like FOUR LIPS and MYB88, has a critical function
in stopping divisions at the end of the stomatal pathway, but it also promotes guard cell fate.
fama-1 mutants lack stomata and present clusters of small cells where stomata should be.
These clusters are called fama tumors, see Figure 6-E. This phenotype and other FAMA
studies indicate that the GMC undergoes excessive symmetric divisions and fails to
differentiate into mature guard cells (Ohashi-Ito and Bergmann., 2006). These three bHLH
proteins form a three-step transcriptional cascade that governs key cell state transitions of
the stomatal pathway. SPCH controls the entry into the lineage and the transition from
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MMC to meristemoid. MUTE acts over the state change from meristemoid to GMC, and
FAMA rules the final decision of the GMC to differentiate into guard cells. Figure 6-A
shows the sites of action of each gene (Pillitteri and Torii, 2007).

Figure 6. Site of action and loss of function phenotype of the three bHLH, SPCH, MUTE and FMA.
(A) Diagram showing the three key transitions in the stomatal pathway. From MMC to meristemoid regulated
by SPCH, meristemoid to GMC by MUTE and the final cell fate change, from GMC to guard cell by FMA.
(B) to (E) Micrographs of leaf abaxial epidermis of wild type, spch, mute and fama respectively.
From Pillitteri and Torri, 2007.

The mechanism of SPCH, MUTE, and FAMA coordination was completely unknown,
until very recently, when two other bHLH proteins were implicated into stomatal
differentiation, SCREAM (SCRM) and SCRM2, which interact and dictate the actions of
SPCH, MUTE, and FAMA. SCRM is ICE1a transcriptional regulator of cold tolerance,

12

indicating a possible link between environmental and developmental programs (Kanaoka et
al., 2008)
A model for Stomatal Patterning
To organize stomatal distribution, cells communicate by exchange of positional information,
directing where the stomata are placed and where the next ones should be developed. A
simple model (Figure 7) that unifies several genes involved in stomatal pattern formation
would be that SDD1 activates an unknown ligand that binds to TMM receptor. TMM would
interact with the ER family, and the signal could be transmitted through the YDA- MAPK
signaling cascade (Ingram, 2005; Shpak et al., 2005). Whether this specific model is
accurate remains to be answered. But it is clear is that these genes work in one way or
another to control stomatal patterning by recognition and response to external signals.
Recently published studies have shed more light upon the genetic regulation of stomatal
patterning. These include the discovery of EPIDERMAL PATTERNING FACTOR 1
(EPF1), a secretory peptide, initially thought to serve as a ligand for TMM after cleavage
and activation by SDD1. The studies suggest that EPF1 could be a positional cue for the
TMM and ERECTA receptors. It is upstream of YDA, TMM, and ER family genes;
however, it has been shown to be independent from SDD1, whose ligand is still unknown. A
second secreted peptide, EPF2, has also been discovered. While EPF1 regulates stomatal
patterning, EPF2 is thought to regulate stomatal density, although this study has not yet been
published (Hara, 2007; Kakimoto, 2007)
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Figure 7. Genetic control of stomatal pathway cell divisions.
(A) Sites of action of SDD1 (subtilisin protease), YODA (MAPKKK), TMM (LRR-RLP) and the ER family
(LRRLRKs), involved in the recognition and response to external signals, necessary for stomata inhibition.
(B) Loss of function mutants cause misorientation of spacing. MMC: meristemoid mother cell; SLGC:
stomatal lineage ground cell; GMC: guard mother cell; GC: guard cell.
From Pillitteri and Torii, 2007

Functional Genetics
There are different methodologies to study genes and gene functions; one of them is the
isolation and characterization of mutations affecting a biological processes. All the
procedures leading to the identification and isolation of mutants are called genetic screens
(Lodish et al., 1999).
Genetic investigation, as a method to reveal biological phenomena, has two main
approaches: Forward genetics and Reverse genetics. Forward genetics is the search for a
gene causing a distinctive phenotype. It begins with the observation of a mutant phenotype,
it looks for patterns of inheritance, analyzes the progeny ratio, clones the gene, and finally
determines the DNA sequence of the gene causing the phenotype. In reverse genetics the
14

search goes in the opposite direction; it starts with a known gene or DNA sequence and
looks for a phenotype and gene function (Griffiths, 2008). The known DNA sequence
usually comes from genome databases that are publicly available. The sequencing of many
model organisms including Arabidopsis is completed, but not all the gene functions are
known. In functional genetics, the approach for the study of these genes with unknown
function is to analyze loss of function mutations. This is possible thanks to sequenceindexed, genome-wide collections of insertion mutants (Alonso et al., 2003). In reverse
genetics, after the selection of a candidate gene, plants with mutations in the gene of interest
are grown, genotyped, and phenotyped (Figure 8). A distinctive phenotype could indicate
the function of the gene. Reverse genetics tries to connect a specific sequence with specific
effects on the organism.

SPECIFIC
PHENOTYPE
GENE FUNCTION

FORWARD
GENETICS

REVERSE
GENETICS

SPECIFIC DNA
SEQUENCE
GENETIC BASES

Figure 8. Forward and reverse genetics research directions.

Bioinformatics resources for Arabidopsis thaliana Functional Genomics
The development of high throughput microarray technology and bioinformatics software in
the past few years has allowed the production of a great amount of Arabidopsis genomewide expression data (Aoki et al., 2007). There are several approaches to extract and use this
information, one of which is to assess gene function based on gene coexpression analysis.
15

It is known that genes that have similar patterns of expression are likely to produce
proteins that are associated with each other or involved in the same biological process. This
is because many cellular processes require coordinated transcriptional regulation in order to
achieve functionality. This idea has proven to be true in many studies. For example, the
biological meaning of gene co-regulation was tested by Steinhouser and coworkers using
E.coli operons. Their results suggested that for E.coli and other organisms, transcriptional
regulation similarities indicate gene function similarities (Steinhouser et al., 2004). Stuart et
al. (2003) examined coexpression relationships across different organisms; they looked for
orthologous sequences using blast, their results indicated the coexpression relationships
were conserved through evolution indicating functional similarity. Studies of gene
expression and regulation of the Sacharomices cerevisiae metabolic network have shown
that the degree of coexpression is high in closely related genes of the metabolic network
(Kharchenko et al., 2005). The patterns of coexpression of the metabolic network in
Arabidopsis were studied by Wei et al. Coexpression among genes within the same
metabolic pathway is high in comparison with genes from different pathways (Wei et al.,
2006).
Coexpression analysis is a widely used method to discover unknown genes. There are
many examples in the literature that support the usefulness of coexpression analysis to infer
potential gene function. Based on the idea that analysis of gene expression profiles is a good
starting point to identify candidate coregulated genes that could be functionally related,
Horan et al. (2008) performed a large-scale coexpression analysis based on microarray data
to annotate Arabidopsis proteins of unknown function. For that purpose they used
hierarchical clustering; as a result, a database was created to make publicly available the
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results (http://bioweb.ucr.edu/PED). Gachon et al (2005) used coexpression analysis based
on hierarchical clustering in an analysis of enzymes of a secondary metabolite pathway in
Arabidopsis. The main enzymes of the pathway showed high coexpression in different
conditions. Haberer et al. (2006) combined coexpression analysis with sequence
conservation analysis to identify cis-regulatory elements in Arabidopsis; their integral
approach was proved to be valid when they found that 64% of the genes analyzed indeed
had transcription factors binding sites. Analysis of coregulated groups of genes was used by
Vandepoele et al. (2006) to identify transcription factors binding sites and regulatory
modules from different processes in Arabidopsis, a good start for the study of regulatory
networks. Two transcription factors (Myb family) in Arabidopsis, involved in glucosinolate
biosynthesis, were discovered based on transcriptome coexpression analysis, using
correlation data from ATTED-II (Hirai et al., 2007). The flavonol 7-O-rhamnosyltransferase
gene was identified by transcriptome coexpression analysis of known flavonoid biosynthetic
genes using ATTED-II (Yonekura-Sakakibara et al., 2007). Functional annotation of
members of the P450 gene superfamily was made based on coexpression analysis (Ehlting et
al., 2006).
The concept of gene coexpression indicates similarity of expression patterns through
different experimental conditions. For example, if two genes are expressed in the same types
of tissue and during the same environmental conditions, it is said that those genes are
coexpressed. The degree of similarity between gene expression profiles is usually estimated
using correlation coefficients and other distance measures. It has been demonstrated in
Arabidopsis that the number of microarray experiment data utilized in the calculation of
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correlation coefficient in databases is large enough to generate robust results (Aoki et al.,
2007).
There are several databases from which to retrieve gene expression information that
provide the calculation of correlation coefficients. They take microarray data from publicly
available Arabidopsis repositories (Figure 9).

Figure 9. Public databases of Arabidopsis gene co-expression. From Aoki et al. 2007.

Three Arabidopis coexpression databases were used in this research to retrieve gene
coexpression data, and they are briefly described here.
ATTED-II, the Arabidopsis thaliana trans-factor and cis-element prediction database
(http://www.atted.bio.titech.ac.jp/) provides expression data from The Arabidopsis
Information Resource (TAIR). Its main features include network view of coexpression
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relationships and lists of coexpressed genes, pre-calculated results for cis-element
prediction, and graphic representations of gene expression patterns. The similarity of
profiles is measured with pairwise Pearson’s correlation coefficients. The most strongly
correlated genes can be visualized in networks. A multiple query search is allowed
(Obayashi et al., 2006). An example of coexpression information retrieved from ATTED-II
can be seen in Figure 10.
The Botany Array Resource, BAR (http://bar.utoronto.ca/), is an Arabidopsis database
that provides several biologist-friendly tools. It contains expression data from NASCArrays,
the AtGenExpress Consortium, and their own facility. Some of its features include
electronic Northerns (Expression Browser), co-regulation analysis (Expression Angler), and
identification of potential cis-elements (Promomer) (Toufighi et al., 2005). The Expression
Angler tool was used in this study for the coexpression analysis. As ATTED-II, it uses the
Pearson correlation coefficient as the metric to identify co-regulated genes. But it allows
only single query searches (Toufighi et al., 2005). Figure 11 shows an example of an
Expression Angler output.
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Figure 10. Screenshots of ATTED-II pages relevant to the search for wounding-responsive gene groups.
(A) Top page.
(B) Search results.
(C) Functional category page. Four co-expressed gene groups were found for wounding response.
(D) Results of the co-expressed gene search. “Target” in tables in (C) or (D) indicates predicted subcellular
localization. For example, “C,C” indicates both TargetP and WoLF PSORT predict that the gene product is
localized in chloroplasts. Yellow-colored AGI codes in the table in (C) indicate genes in the co-expressed gene
network. Pink-colored AGI codes in the table in (D) indicate query genes used to search for co-expressed
genes.” Figure and legend taken from Obayashi et al., 2006.
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Figure 11. Example of an Expression Angler Output.
Close-up of HTML table from Expression Angler output, showing response of genes exhibiting similar
expression profiles to RGL2, At3g03450, at an r-value of 0.7 or higher, across 392 samples present in the
NASCArrays database. It includes functional classification barcode, gene aliases and annotations, and link-outs
to TAIR.” Figure and legend taken from Toufighi et al., 2005.
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Present Study
The aim of this project was to gain deeper knowledge about the stomatal development
pathway in Arabidopsis thaliana, through the identification of genes that may have functions
related to the development of stomata. This plant model has its genome fully sequenced, but
many of the genes have unknown function; this research analyzed some of those unknown
genes to try to identify genes with a function in stomatal development.
The main objective of the study was to design a screening method to find mutants with an
altered stomatal phenotype. This study took the approach of reverse genetics, where the start
point was a computer-based genetic screen to create a list of candidate genes that may be
involved in stomatal development. Candidate genes were chosen by coexpression analysis
using a set of reference genes known to have important roles in stomatal development.
Patterns of coexpression between reference genes and candidate genes were analyzed; the
degree of gene correlation between a reference and a query was measured with correlation
coefficients (r). High correlation coefficients (≥ 0.8) indicated a strong similarity in gene
expression pattern and a possible similarity in gene function. Gene coexpression data were
retrieved from two websites, ATTED-II (http://www.atted.bio.titech.ac.jp/; Obayashy et al.,
2006) and BAR, Expression Angler (http://bar.utoronto.ca/; Toufighi et al., 2005). Both sites
provide lists of coexpressed genes based on Pearson’s correlation coefficient. They use
publicly available microarray data that include different data sets from several sources and
experimental conditions. Candidate gene lists were filtered several times to obtain a final list
of twenty-four genes to be phenotypically analyzed.
To determine if the candidate genes were involved in stomatal development, transgenic
plants with T-DNA insertions in the gene of interest were grown and phenotyped. This was
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possible thanks to the availability of sequence-indexed, genome-wide collections of
insertion mutants (Alonso et al., 2003) provided by ABRC Arabidopsis Biological Resource
Center. Two types of lines were utilized in this study, SALK (Alonso et al., 2003) and SAIL
lines (Sessions, 2002), all of them with insertion in exons. To corroborate that the insertion
was present in the correct gene, each plant was genotyped by PCR technique using specific
primers for each line.
This project focused on the phenotype of homozygous mutant plants. Stomatal phenotype
was visualized by making dental resin impressions of the epidermal surface of cotyledons
and leaves. Nail polish peels were made from the resin casts and observed with light
microscopy. Wild type plants were compared with mutant plants as controls. The
appearance of a distinctive mutant stomatal phenotype indicated the possibility of a stomatal
development-related function for three of the candidate genes.
Hypothesis
Based on the concept that genes that have similar expression patterns are likely to have
related functions or to be involved in the same process, and therefore that gene function can
be inferred from gene coexpression (Steinhouser et al., 2004; Stuart et al., 2003; Kharchenko
et al., 2005; Wei et al., 2006; Aoki, 2007; Horan et al., 2008; Gachon et al., 2005; Haberer et
al., 2006; Ehlting et al., 2006), it was hypothesized that gene coexpression analysis is a good
approach to find unknown genes involved in stomatal development. Based on the high
correlation between reference and candidate genes, the candidate genes were thought to
possibly have a similar function or have a role in the stomatal development pathway.
To study candidate genes, transgenic lines with mutations in the gene of interest were
analyzed to find a distinctive stomatal phenotype. It was hypothesized that a T-DNA
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insertion in a gene exon would disrupt in some way the gene product, resulting in a defective
protein lacking its normal function, originating an altered stomatal development that could
be detected through an altered stomatal phenotype.
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MATERIALS AND METHODS
The screening process can be divided in three main parts: I. Selection of candidate genes by
coexpression analysis, II. Cultivation of transgenic lines and genotyping, and III.
Phenotyping of stomata.
I. Selection of Candidate Genes by Coexpression Analysis
The first part of the project was to select candidate gene to be involved in the stomatal
development pathway. The gene selection process is summarized in Figure 12 as five main
steps. First, the selection of reference genes, based on published studies about stomatal
development key genes. Second, the retrieval of reference gene coexpression profiles from
public databases. Third, the selection of relevant genes for the study by applying specific
criteria, followed by comparison and analysis of the selected profiles and the final filtering
to generate a candidate gene list.

Selection of reference genes. Literature search

Retrieval of coexpression profiles for each reference gene.
Databases: Expression Angler (BAR) and ATTED-II

Preliminary gene selection. Based on correlation coefficient r ≥ 0.8; gene annotations
(gene function, expression, protein localization) and protein data (domains)

Comparison between filtered profiles and selection ointersecting genes

Final filtering of the candidate gene list

Figure 12. Coexpression analysis process.
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Selection of the Reference Genes
Over the past decade, major strides have been made identifying genes involved in the
process of stomatal development. Genes involved in the patterning and differentiation of
stomata have been studied. From the literature available, a group of eleven genes with
important roles in the stomatal development pathway was selected as reference genes for
this study (Table 1).
Table 1. List of reference genes used for coexpression analysis
GENE NAME

SYMBOL

MUTANT PHENOTYPE

Patterning genes
TOO MANY MOUTHS

TMM

Increased SI, small clusters

ERECTA-family

ER, ERL1, ERL2

Greatly increased SI, large clusters

YODA

YDA

Greatly increased SI, large clusters

STOMATAL DENSITY AND DISTRIBUTION 1 SDD1

Increased SI, small clusters

Differentiation genes
SPEECHLESS

SPCH

No asymmetric divisions, no stomata

MUTE

MUTE

Reiterative asymmetric divisions, no stomata

FAMA

FAMA

Reiterative divisions of GMC, no stomata

FOUR LIPS

FLP

Reiterative divisions of GMC, small clusters

MYB88

MYB88

None, enhances flp phenotype

The mutant phenotype refers to the loss of function mutant. SI: Stomatal Index. GMC: Guard Mother Cell.
flp : mutant of gene FOUR LIPS. Modified from Pillitteri and Torii., 2007.

Retrieving of Coexpression profiles
The Expression Angler tool of The Bio-Array Resource for Arabidopsis Functional
Genomics, BAR (http://bar.utoronto.ca/), allows selection of different data sets from several
sources and experimental conditions to perform a coexpression search. For this research, the
following data sets were chosen:
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NASCArrays: 392 samples. This is part of a collection of microarray experiments made
available by The Nottingham Arabidopsis Stock Centre (NASC). NASC works in
coordination with the Arabidopsis Biological Resource Center, which distributes to North
America, while NASC distributes to Europe (Craigon et al., 2004).
Botany Array Resource data set. Collection of gene expression data from The Bio-Array
Resource for Arabidopsis Functional Genomics: 150 samples from a variety of treatments
(Toufighi, 2005).
AtGenExpress hormone set: Wild type (Col-0) and hormone-related mutants were treated
with seven major phytohormones (auxin, cytokinin, gibberellin, brassinosteroid, abscisic
acid, jasmonate and ethylene) and their corresponding inhibitors. The experiment also
included abiotic treatments, seed imbibition, and sulfate starvation (Goda, 2008).
AtGenExpress stress set: Arabidopsis ecotype Col-o plants were grown under seven
environmental stresses including heat, cold, salt, high osmolarity, drought, UV-B, and
wounding (Kilian, 2007).
AtGenExpress development set: A total of 79 tissue samples were analyzed, including
many developmental stages and different organs. All plants were wild type Col-0
background (Schmid, 2005).
The AtGenExpress data sets come from the multinational AtGen Express Consortium,
which is a part of Arabidopsis Functional Genomics Network (AFGN).
The other database, Arabidopsis thaliana trans-factor and cis-element prediction database
(ATTED-II, http://www.atted.bio.titech.ac.jp/), does not allow one choosing different
experiments; rather, it provides a search with predetermined data sets. Their microarray data
come from 58 experimental series formed by 1388 GeneChip data by AtGenExpress.
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It is important to mention that ATTED-II has released 5 versions of coexpression data
during the past 3 years. This database now provides new tools and data that were not
available at the time the coexpression analysis of this study was performed. The version
used in this research was 3.1.
The datasets included in this study span a wide range of treatments, so genes coexpressed
under all these experimental conditions are very likely to be functionally related.
For each of the eleven reference genes, a set of seven gene coexpression lists (six from
Expression Angler and one from ATTED-II) were retrieved from the databases. Each list
showed the most positively correlated genes for a specific reference gene indicating
coexpression. The following two figures show examples of gene coexpression lists for the
reference gene TOO MANY MOUTHS (TMM) from the two databases used.
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AGI-ID r-value to Bait|GeneChip-ID|Annotation

At1g80080

1.000|

BAIT 262040_at| TMM__TMM (TOO MANY MOUTHS); protein
binding

At1g80080

1.000|

262040_at| TMM__TMM (TOO MANY MOUTHS); protein binding

At5g53210

0.863|

248247_at| SPCH__SPCH (SPEECHLESS); DNA binding /
Transcription factor

At1g34245

0.858|

262543_at| similar to EPF1 (EPIDERMAL PATTERNING FACTOR
1) [Arabidopsis thaliana] (TAIR:AT2G20875.1); similar
to unnamed protein product [Vitis vinifera]
(GB:CAO64636.1); contains domain PROKAR_LIPOPROTEIN
(PS51257)

At5g60880

0.826|

247599_at| unknown protein

At4g31805

0.822|

253514_at| WRKY family transcription factor

At5g23070

0.820|

249874_at| thymidine kinase, putative

At1g12860

0.816|

261196_at| basic helix-loop-helix (bHLH) family protein
/ F-box family protein

At1g28530

0.813|

262738_at| similar to unnamed protein product [Vitis
vinifera] (GB:CAO66376.1)

At1g16790

0.813|

255759_at| ribosomal protein-related

At1g48460

0.812|

261296_at| similar to unknown protein [Arabidopsis
thaliana] (TAIR:AT5G63040.2); similar to unknown
protein [Arabidopsis thaliana] (TAIR:AT5G63040.1);
similar to unnamed protein product [Vitis vinifera]
(GB:CAO61244.1)

At3g06660

0.799|

258522_at| PAPA-1-like family protein / zinc finger
(HIT type) family protein

At1g72040

0.782|

256341_at| deoxynucleoside kinase family

At5g47380

0.782|

248784_at| similar to unknown protein [Arabidopsis
thaliana] (TAIR:AT5G66600.1); similar to unknown
protein [Arabidopsis thaliana] (TAIR:AT5G66600.3);
similar to hypothetical protein 24.t00022 [Brassica
oleracea] (GB:ABD64944.1); contains InterPro domain
Protein of unknown function DUF547 (InterPro:IPR006869)

Figure 13. Fragment of a coexpression search showing the top 15 coexpressed genes to the query gene TMM.
Database: Expression Angler (BAR). At the top of the list the query gene TMM appears with a correlation
coefficient of 1.0. The gene showed in red is a reference gene coexpressed with TMM. In blue, the genes
chosen for this study in the preliminary selection. (Toufighi et al., 2005) (http://bar.utoronto.ca/)
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Top 300 coexpressed genes to At1g80080 (ver. 3.1 coexpression data)
COR

Locus

Function

0

1.00 At1g80080 TMM (TOO MANY MOUTHS); protein binding

1

0.79 At5g53210 SPCH (SPEECHLESS); DNA binding / transcription factor

2

0.78 At1g34245

3

0.76 At4g31805 WRKY family transcription factor

4

0.71 At2g42840 PDF1 (PROTODERMAL FACTOR 1)

5

0.70 At1g14440 ATHB31 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 31); transcription factor

6

0.65 At2g41340 eukaryotic rpb5 RNA polymerase subunit family protein

7

0.65 At1g04110 SDD1 (STOMATAL DENSITY AND DISTRIBUTION); subtilase

8

0.65 At4g14770 tesmin/TSO1-like CXC domain-containing protein

9

0.64 At1g12860 basic helix-loop-helix (bHLH) family protein / F-box family protein

10 0.64 At4g37740 AtGRF2 (GROWTHREGULATING FACTOR 2)
11 0.64 At5g60880 unknown protein
12 0.63 At3g17680
13 0.63 At5g65410 ATHB25/ZFHD2 (ZINC FINGER HOMEODOMAIN 2); transcription factor
14 0.63 At1g75240

ATHB33 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 33); DNA binding /
transcription factor

15 0.62 At2g45190 AFO (ABNORMAL FLORAL ORGANS); transcription factor
16 0.62 At2g26330 ER (ERECTA)
17 0.61 At5g07180 ERL2 (ERECTA-LIKE 2); kinase
18 0.59 At5g43020 leucine-rich repeat transmembrane protein kinase, putative
19 0.59 At3g26744 ICE1 (INDUCER OF CBF EXPRESSION 1); DNA binding / transcription factor
20 0.59 At5g46880 HB-7 (homeobox-7); DNA binding / transcription factor

Figure 14. Fragment of a coexpression search showing 20 of the top 300 coexpressed genes to the query gene
TMM.
Database: ATTED-II. At the top of the list the query gene TMM appears with a correlation coefficient of 1.0.
The genes showed in red are reference genes coexpressed with TMM. In blue, the genes chosen for this study
in the preliminary selection. (Obayashi et al., 2006) (http://www.atted.bio.titech.ac.j)
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Preliminary gene selection
Initially, there were six coexpression profiles from different data sets per reference gene (a
total of 66). To merge the lists and generate one list per reference gene (see Appendix A),
only the genes complying with the criteria below were selected. The preliminary gene
selection resulted in the reduction of the total number of genes involved in the analysis from
thousands to about 400 genes.
-

Correlation coefficient (r): Genes with an r ≥ 0.8, for the selection of highly
coexpressed genes only. This rule was applied strictly to the profiles from BAR
database, and flexibly to the profiles from ATTED-II. This is because the second
database provided coexpression searches with very low correlation coefficients, even
for reference genes known to be coexpressed with each other. This means that the
BAR database was the main coexpression analysis tool for this study, and ATTED-II
was used as a complementary search.

-

Annotation: The selection was based primarily on genes annotated as unknown
proteins, transcription factors, or other functions that could indicate any relation to
stomatal/epidermal development.

Comparison between filtered profiles and selection of intersecting genes
The gene lists generated in the previous step were compared to each other to detect any
intersecting genes, using Microsoft Excel software. If a gene appeared frequently in
different coexpression lists (intersecting), it was considered a good candidate for the study.
All the intersecting genes were extracted and the result was a single list of candidate genes
to be involved in stomatal development (Appendix B).
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Final filtering
The candidate gene list was submitted to a final filter with the aim to reduce the gene
number to a manageable quantity. This screening was based on annotations (information
included gene function, expression, and gene product localization) and protein data that
basically refer to the type of domains present in the protein. To look for this information,
several databases were used: NCBI National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/), TAIR The Arabidopsis Information Resource
(http://www.arabidopsis.org/), UniProt Universal Protein Resource
(http://www.uniprot.org/), and The Pfam protein families database (pfam.sanger.ac.uk/).
The last criterion for the selection of the transgenic lines was the availability of T-DNA
transgenic lines with insertions in exons (see Appendix C for locations of the T-DNA
insertions). Only lines with insertions in exons were selected for this study, based on the
idea that an insertion in an exon could have a greater probability of disrupting the gene
product than an insertion in an intron or a promoter; therefore, the chance to observe a
phenotype would increase.
II. Cultivation of Transgenic Lines and Genotyping
To assess the possible functions of the candidate genes, transgenic plants with T-DNA
insertions in the gene of interest were investigated (Alonso et al., 2003). The transgenic
seeds were provided by the Arabidopsis Biological Resource Center (ABRC). The plants
grown from these seeds are identified in this study as the “Parental (P) generation,” and the
plants grown from the seeds produced by the P generation are named the “Progeny (F1)
generation.” Two types of lines were used in this research, SALK lines from the Salk
Institute Genomic Analysis Laboratory (Alonso et al., 2003), and SAIL lines from the
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Syngenta Arabidopsis Insertion Library (Sessions et al., 2002). The transgenic plants were
cultivated in a sterile environment and screened for the T-DNA insertion using PCR.
Cultivation
Transgenic and wild type (Columbia) seeds were sowed in MS-media (Murashige and
Skoog Basal Salt Mixture from PhytoTechnology Laboratories, sucrose and phyto-agar),
using culture vessels (Magenta boxes) and aseptic technique; seeds were previously
sterilized with 20% bleach. Initially, four seeds per line were sowed (two-four seeds per
box). If plants with the correct T-DNA insertion in both chromosomes (homozygous) were
not detected, 10 more seeds were planted and analyzed (five seeds per box). The plants were
grown in an incubator (VWR International. Model 2015) at 25ºC with 16 hours of light per
day, until ready to be screened (about 15-18 days after sowing).
DNA Extraction
DNA was extracted from leaf tissue of each plant as follows. Two to three small leaves were
placed in a centrifuge tube with 200 µl of DNA Extraction Buffer (200 mM Tris base pH
7.5, 250 mM NaCl, 25 mM EDTA pH 8.0 and 0.5% SDS). The tissue was ground gently
using a micropestle attached to a drill until no more big pieces of leaf could be seen. To
prevent overheating of the tissue, the tubes were maintained on ice. The pestle was rinsed
with alcohol and water between samples. The sample was quickly vortexed and centrifuged
at highest speed in a microcentrifuge (13000-14000 rpm) for seven minutes. 170 µl of the
supernatant was mixed with 170 µl of isopropanol in a clean tube and incubated for two
minutes at room temperature, followed by centrifugation at maximum speed for two
minutes. The pellet was washed with 200 µl of ethanol, the solution was removed, and the
pellet air-dried (under laminar flow). The pellet was dissolved in 100 µl, 50 µl, or 30 µl of
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sterile water, depending on the amount of tissue used, and centrifuged again for 4 minutes at
maximum speed. The supernatant, which contained DNA, was transferred to a clean tube.
Vortex and centrifugation times were modified any time a sample required, with the aim to
get better pellets and cleaner supernatants. This DNA extraction protocol was adapted from
a protocol by Weigel and Glazebrook (2002).
Only a few samples were quantified to get an estimate of DNA yield per amount of
tissue. Quantification was performed by spectrophotometry (Beckman Coulter DU800
spectophotometer). 15 g of tissue (about two small leaves from a 15 day-old plant) yielded
between 150-350 ng of DNA; one µl of this solution was used for the PCR reactions with
good results. The subsequent DNA extractions were not quantified. The DNA samples were
stored at -20ºC until analyzed.
PCR for the Confirmation of the T-DNA insertion
T-DNA verification was performed by PCR using three primers per line: two genomicbinding primers, Left Genomic Primer (LP) and Right Genomic Primer (RP), specific for
each line and complementary to the flanking sequences of the T-DNA insertion; and one
Left Border Primer (BP), LBb1.3 for the SALK lines and LB3 for the SAIL lines,
complementary to the T-DNA insertion. In a reaction using the 3 primers at the same time
(Multiplex PCR, LP+RP+LBb1.3 for SALK lines and LP+RP+LB3 for SAIL lines), the
following bands were expected: for wild type (no insertion) a product between 900-1100 bp
(from LP to RP), for homozygous lines (insertions in both chromosomes) a product between
430-902 bp (from RP to BP), and for heterozygous plants both products were expected. The
ranges for expected product sizes varied depending on the line (Alonso et al., 2003)
(http://signal.salk.edu/cgi-bin/tdnaexpress). See Appendix C for the list of primers
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sequences. See figure 15 for the SALK T-DNA Primer Design. The T-DNA verification for
SAIL lines follows a similar design as SALK lines.

Figure 15. SALK T-DNA Primer Design and Expected Products.
N - Difference of the actual insertion site and the flanking sequence position, usually 0 - 300 bases. MaxN Maximum difference of the actual insertion site and the sequence, default 300 bps. pZone - Regions used to
pick up primers, default 100 bps. Ext5, Ext3 - Regions between the MaxN to pZone, reserved not for picking
up primers. LP, RP - Left, Right genomic primer. BP - T-DNA border primer LB - the left T-DNA border
primer. BPos - The distance from BP to the insertion site. (Alonso et al,. 2003) (Figures and legend taken from
http://signal.salk.edu/cgi-bin/tdnaexpress)

Since the PCR reaction with multiple primers can occasionally create artifacts and
unclear results, if any heterozygous or homozygous plant was detected as a result of the
multiplex PCR, a separate paired reaction was set up for that same sample (LP+RP and
BP+RP). For the LP+RP reaction, a product was expected for wild type and heterozygous
lines, and no product for homozygous lines. For the BP+RP reaction, a product was
expected for homozygous and heterozygous plants and no product for wild type. Positive
controls with wild type Columbia DNA and negative controls to detect contamination were
carried out for each PCR reaction.
Amplification conditions were as follows: denaturation at 94ºC for two minutes; then 30
cycles of denaturation at 94ºC for 30 seconds, annealing at 50.5ºC for all SALK lines and
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various temperatures for SAIL lines (depending on the line, one degree lower than the
lowest primer melting temperature (see Appendix C for primer melting temperatures for
each line) for 30 seconds, and extension at 68ºC for 30 seconds, followed by a final
extension at 68ºC for six minutes. Multiplex reaction constituents and final concentrations
were as follows:
1 Reaction
GoTaq Green Master Mix

Final Concentration

10.0 µl

1X

(Promega Corporation, Madison WI)
Left Primer

0.4 µl

0.2 µM

Right Primer

0.4 µl

0.2 µM

Border Primer

0.4 µl

0.2 µM

DNA Template

1.0 µl

≡ 50-400 ng

Sterile Water

7.8 µl

Total Volume

20.0 µl

PCR products were examined by electrophoresis on 1% agarose gels.
III. Phenotyping of Stomata
After a plant was confirmed to be homozygous for the T-DNA insertion, it was phenotyped.
Any distinctive phenotype in the general appearance of the plant was recorded. To analyze
the stomatal phenotype, impressions of the lower surface of cotyledons and young leaves
were made by using dental resin, and nail polish peels of the impression were observed with
light microscopy. Wild type impressions and peels were carried out every time as the
negative control. Occasionally heterozygous plants were also phenotyped. After the
phenotype analysis, the homozygous plants were transplanted to soil (Metro-Mix 360
growing medium. Sungro), and grown in growth chambers (Conviron. Model E15) with 16h-light/day at 22ºC, and 8-h-dark/day at 16ºC, 60% relative humidity. The light source was
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composed of incandescent and fluorescent bulbs. F1 generation seeds were collected with
seed collection bags (Lehle Seeds, Round Rock TX) after approximately three months from
transplantation; the plants were about four months old.
After the seed collection, for some of the candidate genes, F1 seeds were sown and plants
were grown with the purpose of phenotyping the F1 generation of homozygous mutants.
Because of time-constraint, not all the candidate genes had their F1 generation phenotyped.
Due to space and working capacity limitations, the screening process was carried out in two
parts. In the first, eight genes were fully analyzed. In the second part 12 genes were
analyzed, but just the parental (P) generation was phenotyped.
The following conditions were used for the F1 generation phenotype analysis: sterile
seeds were planted in MS media in Petri dishes (100x25mm) and given a cold treatment
(4ºC) for five days, to synchronize the rate of development. Eight seeds per line were sowed
(two Petri dishes with four seeds each). After cold treatment they were incubated at 25ºC
and analyzed twice between the 8th and 25th day after incubation. The first set of impressions
per line was made on cotyledons of young seedlings (8-15 days old), the second one on
cotyledons and leaves of ~ 1.5" rosettes (20-22 days old).
Dental Resin Impression Protocol
Making impressions: The dental resin, Coltene President Light Body Surface Activated, low
viscosity (distributed by Patterson Dental, Detroit MI), consists of two tubes, a catalyst
(green) and a base (white). Quickly after a cotyledon or leaf was cut, small, equal amounts
of the two dental impression materials (DIM) were mixed on a plastic surface (Petri dish or
weighing plate). A metallic pin (for small cotyledons) or a flat wooden toothpick (for bigger
cotyledons and leaves) were dipped into the DIM mix. The pinhead or one end of the
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wooden toothpick was coated with the mixed resin and allowed to dry upside down for
approximately 30 seconds, or until the resin mix stopped dripping. Pins and toothpicks were
pre-labeled with tape flags. When the DIM mix became somewhat hardened, the abaxial
surface (lower side) of the organ was touched gently with the resin. The tissue attached
instantly to the resin. The pin/toothpick was stuck into a styrofoam piece to allow drying.
After the resin dried completely (about 2 minutes), the cotyledon or leaf was peeled off. If
the cotyledon or leaf was small enough, a cast of the entire organ was made, as in Figure 16,
B and D. Occasionally when doing impressions of bigger leaves, only a portion of the organ
was printed as in Figure 17.

Figure 16. Dental resin casts of a cotyledon and leaf.
(A) Arabidopsis young cotyledon (~2 mm long)
(B) Dental resin cast of a cotyledon
(C) Arabidopsis young leaf on top of hardened dental resin; D: The resin mold of leaf in figure C

Figure 17. Making an impression of a small portion of a leaf.
(A) Pin with resin attached to a leaf
(B) Leaf peeling off the cast.
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Depending on the size of the organs, the casts were held by metallic pins or wooden
toothpicks (small casts), or placed in Petri dishes (bigger casts) (Figure 18).

Figure 18. Dental resin casts of Arabidopsis young rosette leaves.
This figure shows dental resins casts of rosette leaves from different transgenic plants. After fixing the casts to
the plate with glue, nail polish peels of small sections of the molds were taken. Plants were 2 months old. Bar =
10 mm.

Making nail polish peels: Under the dissecting scope, the impressions were painted with
transparent nail polish, using the brush that comes with the polish (Figure 19). They were
dried on the bench for at least 10 minutes and then peeled off with microforceps (ultrathin
and smooth tips). The small peels were placed on a clean and pre-labeled microscope slide.
Between 10 and 30 peels can be placed in the same slide, depending on the peel size.
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Figure 19. Making nail polish peels of dental resin casts.
(A) Application of nail polish to dental resin cast to make a thin nail polish layer, which will be peeled off later
(B) Pins with casts of dental resin on Styrofoam.

Another clean slide was put on top of the peels and pressed against them to make the
peels stick to the glass of the slide where they were placed. Then the slide was ready to be
observed with a light microscope (Figure 20). This protocol was adapted from the one used
to study epidermal and stomatal development in Geisler et al., (2000).

Figure 20. Microscope slide with nail polish peels attached to it.
After the nail polish dried, the peels were peeled off the cast and placed in a microscope slide, maintaining the
identity of each peel.

Making micrographs of stomata: Peels were carefully observed to detect any difference
with wild type. Photos of cotyledons and leaves were taken to keep record of the different
line phenotypes. Micrographs were usually taken at 400x magnification using a digital
camera (Cannon Power Shot S3 IS) with an adaptor for the microscope ocular. Since the
camera increases the magnification when zooming in, a stage micrometer was also
photographed to evaluate cell sizes.
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RESULTS
I. Selection of Candidate Genes by Coexpression Analysis
Twenty-four genes with high correlation to the references were identified (Table 2). This list
was compiled to maximize the intersection of the lists generated for each reference gene
separately (Appendix A). The majority of genes are described as encoding hypothetical
proteins (nine genes); followed by DNA-binding/transcription factors (seven genes); four
ATHB Arabidopsis Thaliana Homeobox genes were identified. The rest have different
descriptions. See Appendix E for the extended annotation of the candidate genes.
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Table 2. Final Candidate Gene List
PROTEIN INFORMATION
(Taken from NCBI, http://www.ncbi.nlm.nih.gov/)

Nº

LOCUS

COEXPRESSED WITH

1

At1g34245

hypothetical protein
similar to EPF1
(EPIDERMAL PATTERNING FACTOR 1)

SPCH, TMM, SDD1, MUTE

2

At1g14440

ATHB31 (ARABIDOPSIS THALIANA
HOMEOBOX PREOTEIN31);
transcription factor

ER, ERL2, TMM, SPCH, MUTE

3

At1g75240

ATHB33 (ARABIDOPSIS THALIANA
HOMEOBOX PROTEIN 33);
DNA binding/transcription factor

ER, ERL2, TMM, SPCH, MUTE

4

At1g12860

basic helix-loop-helix (bHLH) family
protein / F-box family protein

TMM, SDD1, SPCH

5

At5g65410

ATHB25/ZFHD2 (ZINC FINGER
HOMEODOMAIN 2); transcription factor

SPCH, TMM, ERL2

6

At1g12330

hypothetical protein

SPCH, ER, ERL2, ERL1

7

At3g01370

ATCFM2/CFM2 (CRM FAMILY MEMBER 2)

FAMA, TMM, SDD1

8

At1g02150

pentatricopeptide (PPR)
repeat-containing protein

SPCH, TMM, SDD1

9

At3g17680

hypothetical protein

ER, SPCH, TMM

10

At3g18960

transcriptional factor B3 family protein

TMM, ER, SPCH

11

At3g61870

hypothetical protein

TMM, SDD1, ERL2

12

At4g30130

hypothetical protein

ER, ERL1, ERL2

This table shows the final product of the genetic screening by coexpression analysis. These genes are considered to be
candidates to play a role in stomatal development due to their correlation with reference genes. Each gene is identified by its AGI
number. The genes highlighted in yellow are the ones reported to have a function in stomatal development (Kakimoto, 2007;
Kanaoka et al., 2008; Dong and Bergman, 2008; and Sheahan et al., 2008). The general protein information was taken from NCBI
webpage,www.ncbi.nlm.nih.gov/ on 09/29/2008. The column to the right shows the reference genes that are coexpressed with
each candidate gene.
(Continued)
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Table 2. (continued)
PROTEIN INFORMATION
(Taken from NCBI, http://www.ncbi.nlm.nih.gov/)

Nº

LOCUS

COEXPRESSED WITH

13

AT3G06220

DNA binding/transcription factor
similar to transcriptional factor B3 family
protein AT3G0616.1

ER, ERL1, ERL2

14

AT1G63470

DNA-binding family protein

ER, ERL1, ERL2

15

AT2G02540

ATHB21/ZFHD4 (ZINC FINGER
HOMEODOMAIN 4); DNA binding /
transcription factor; silmilar to ATHB31

ER, ERL2, SPCH, TMM

16

AT5G60880

hypothetical protein

SPCH, TMM

17

AT4G31805

WRKY family transcription factor
Comment: "The description of this gene
is wrong". Somssich, I (Tair 2006-11-24)

SPCH, TMM

18

AT4G39040

hypothetical protein

SPCH, TMM

19

AT5G14970

amine oxidase/ copper ion binding /
quinone binding

TMM, SDD1

20

AT1G48460

hypothetical protein

TMM, SPCH

21

AT1G28530

hypothetical protein

TMM, SPCH

22

AT2G36720

PHD finger transcription factor
putative

ERL2, YODA

23

AT5G27560

hypothetical protein

ER, FAMA

24

AT3G61310

DNA-binding family protein

ER, ERL2, TMM

This table shows the final product of the genetic screening by coexpression analysis. These genes are considered to be
candidates to play a role in stomatal development due to their correlation with reference genes. Each gene is identified by its AGI
number. The genes highlighted in yellow are the ones reported to have a function in stomatal development (Kakimoto, 2007;
Kanaoka et al., 2008; Dong and Bergman, 2008; and Sheahan et al., 2008). The general protein information was taken from NCBI
webpage,www.ncbi.nlm.nih.gov/ on 09/29/2008. The column to the right shows the reference genes that are coexpressed with
each candidate gene.
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II. PCR Screening Results
After each PCR reaction, a gel electrophoresis was performed to visualize the product sizes
and assess if the tissue sample contained a transgenic T-DNA insertion. Due to the large
number of samples, a multiplex reaction (three primers at the same time) was carried out
first; this approach saves time and reagents. If a homozygous or heterozygous plant was
detected, a separate PCR reaction (two primers per reaction) was done to confirm the results.
Usually the results, number and size of bands, were very clear and conclusive with the
multiplex reaction. See an example in Figure 21; here three plants from line SALK_036830
were tested (T1, T2, T3). The expected band size for a homozygous plant for this line was
between 560-860 bp, and for a wild type (WT) band was 1143 bp. The three plants were
found homozygous for the insertion because three bands appeared at the expected
homozygous size and none appeared at the wild type size.

Figure 21. Multiplex PCR results for homozygous plants.
PCR results of the screening of three plants (T1, T2, T3) from line SALK_036830 (Gene Nº 19 AT5G14970).
The expected band size for a homozygous plant for this line was between 560-860 bp, and for a wild type
(WT) band was 1143 bp. The three plants were found homozygous for the insertion.
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Sometimes the multiplex reaction led to uncertain results because of the appearance of
unexpected bands, called artifacts, or because the bands were faint. In Figure 22, sample 2
(yellow) has two clear bands; one of them is an artifact and the other is the homozygous
band. For sample 1 (red), there is a faint band at the wild type level. These two examples are
inconclusive.

Figure 22. Multiplex PCR results, artifact and heterozygous bands.
Samples in yellow were from line SALK_064805; plant #1 does not have the insertion, plant #2 is
homozygous for the insertion, expected homozygous band size was 558-858 bp (http://signal.salk.edu/cgibin/tdnaexpress), an artifact band appeared at about 800 bp. The white samples were from line SALK_128328;
plant #1 is a heterozygous, it presented a clear homozygous band and a faint wild type band.

Because of the inconclusive results of the multiplex PCR, separate PCR reactions were
carried out to confirm homozygosity or heterozygosity of the individuals in the study. Figure
23 shows a gel picture of the products of a separate PCR reaction.
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Figure 23. Separate PCR reaction results.
Separate reaction for a plant from line SALK_146173. LP= left primer, a wild type size band was observed;
BP= border primer, a homozygous band was observed (expected size was 558-858 bp). This reaction
confirmed the heterozygosity of the individual.

Overall, the multiplex PCR reaction was very effective, producing enough PCR products
to visualize clear bands for most of the cases. When there was any inconclusive result with
this type of reaction, the separate PCR reaction was always conclusive.
Table 3 contains a summary of the number of plants analyzed per transgenic line and the
genotyping results. At least one homozygous individual from at least one line was obtained
from seventeen of the candidate genes; for three genes, no homozygous plants were
obtained. In the case of gene Nº7, only heterozygous individuals were identified from a total
of thirty-four analyzed. T-DNA lines utilized are listed in Table 3. T-DNA lines with
insertions in exons were identified for twenty of the candidate genes, by searching TAIR
website at http://www.arabidopsis.org/. The candidates that did not have available T-DNA
lines were excluded from this study because lines with insertions in exons was the criterion
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for the selection of the transgenic lines, to increase the probability of gene product
disruption and detection of a phenotype. Therefore the number of genes to be studied was
reduced from twenty-four to twenty gene candidates.
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Table 3. PCR screening results.

Gene

1

3

5

6

AT1G34245

AT1G75240

AT5G65410

AT1G12330

Transgenic
Line

Total # of
plants
analyzed

Genotyping results
(PCR screening)

SALK_102777

4

2 homozygous

SALK_047918

3

1 heterozygous

SALK_097385

15

no insertions

SALK_097388

4

4 homozygous

SALK_133857C

2

2 homozygous

SAIL_345_C09

9

1 homozygous
2 heterozygous

SAIL_391_C12

9

2 homozygous

SALK_037407C

5

5 homozygous

7

AT3G01370

SALK_000703

34

9 heterozygous

8

AT1G02150

SAIL_501_B09

5

1 homozygous
1 heterozygous

9

AT3G17680

SALK_076870

14

no insertions

SALK_132945

4

4 homozygous

10

AT3G18960
SALK_008105C

4

4 homozygous

SALK_088654

9

no insertions

SALK_131721

8

no insertions

SALK_131730

4

2 homozygous

SAIL_65_B07

4

3 homozygous

SAIL_69_B02

4

2 homozygous

SALK_035162

8

no insertions

SALK_035173

3

1 homozygous

SALK_046610

3

1 homozygous
2 heteozygous

11

12

AT3G61870

AT4G30130

Comments

Poor germination yield, 4
plants obtained from 24
seeds planted

Poor germination yield, 2
plants from 20 seeds
planted. Both dwarfs

Confirmed line. 8 seeds
planted, 5 germinated

Confirmed line. 8 seeds
planted, 4 germinated

1 plant was a dwarf

This table shows the results of the screening for T-DNA insertions for each transgenic line. The goal was
to obtain at least one homozygous plant per line. The number of plants analyzed varied, depending on
how difficult it was to identify a homozygous individual. Heterozygous plants found are also reported.
Comments column indicates which line presents poor germination yield and also the observation of dwarf
plants.
(Continued)
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Table 3. (continued).

Gene

Transgenic
Line

Total # of
plants
analyzed

Genotyping results
(PCR screening)

Comments

13

AT3G06220

SALK_067949C

6

6 homozygous

Confirmed line. 8 seeds
planted, 6 germinated

14

AT1G63470

SALK_123590C

4

4 homozygous

Confirmed line. 12 seeds
sowed, only 4 germinated

SALK_064805

4

1 homozygous

SALK_128328

4

1 heterozygous

SALK_146173

4

2 homozygous
1 heterozygous

SALK_017627

9

1 homozygous

SALK_025419

14

no insertions

SALK_042939

14

no insertions

SALK_076439

4

1 homozygous
1 heterozygous

16

17

18

19

21

22

23

24

AT5G60880

AT4G31805

AT4G39040

AT5G14970

AT1G28530

SALK_126978

4

1 homozygous

SALK_130549

4

2 homozygous

SALK_020421

4

1 homozygous

SALK_036830

4

4 homozygous

SALK_007063

4

no insertions

SAIL_562_B10

4

2 homozygous

SAIL_659_F07

4

1 homozygous

SAIL_708_F05

4

1 homozygous

SALK_010831

4

3 homozygous
1 heterozygous

SAIL_24_B05

3

1 homozygous
1 heterozygous

SALK_045541

11

no insertions

SALK_045549

9

2 homozygous
1 heterozygous

SALK_132878

10

no insertions

SALK_113584C

3

3 homozygous

SAIL_834_G09

14

no insertions

AT2G36720

AT5G27560

AT3G61310

One dwarf plant tested,it did
not have the insert, a fourth
plant was also dwarf, not
tested

One dwarf plant observed,
not tested

Confirmed line, poor
germination yield, 18 seeds
planted, 3 germinated
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III. Phenotyping Results
Of the twenty candidate genes, sixteen showed no phenotype. For gene Nº1, line
SALK_102777 showed excessive asymmetric division in leaves in both parental and
progeny generations and clusters of stomata in one individual of the F1 generation. For gene
Nº5, SALK_133857C presented a case of dwarf plants in the parental generation and
normal- sized plants in the progeny, one of them with clustered stomata. One individual
from genes Nº 6 and 8 presented a phenotype of clusters of stomata in leaves, lines
SAIL_345_C09 and SAIL_501_B09, respectively.
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Table 4. Summary of Phenotype Results
Gene

1

3

AT1G34245

AT1G75240

Transgenic Line

Stomata Phenotype

SALK_102777

P: excessive asymetric division in young leaves, 2 plants analyzed. F1
excessive asymmetric division in young leaves, 8 plants analyzed, just
one of them presented a strong phenotype with clusters of stomata in
cotyledons

SALK_047918

P: heterozygous, no phenotype

SALK_097385

P and F1: no phenotype

SALK_097388

P and F1: no phenotype

5

AT5G65410

SALK_133857C

The P generation were 2 dwarfs plants with no stomata phenotype. A
total of 12 F1 generation plants were analyzed, just one individual
presented clustered stomata in abnormally shaped cotyledons. The rest
did not have a phenotype

6

AT1G12330

SAIL_345_C09

P homozygous plant was bigger and darker green than wild type, it
presented small clusters of stomata in rossette leaves. P heterozygous
plant did not showed any phenotype.

SAIL_391_C12

P: no phenotype

SALK_037407C

P: no phenotype

7

AT3G01370

SALK_000703

T0 and T1: heterozygous no phenotype. No homozygous plants were
rerecovered for this line.

8

AT1G02150

SAIL_501_B09

P homozygous plant did not presents a phenotype but P heterozygous
plant presented small clusters of stomata in leaves.

9

AT3G17680

SALK_076870

P: no phenotype

10

AT3G18960

SALK_132945

P: no phenotype

SALK_008105C

P: no phenotype

SALK_088654

No insertions found

SALK_131721

No insertions found

SALK_131730

P: no phenotype

SAIL_65_B07

P: no phenotype

SAIL_69_B02

P: no phenotype

11

AT3G61870

"No phenotype": when no distinctive phenotype was observed between wild type and a mutant. Distinctive
phenotypes are highlighted in purple. P: parent generation, meaning the individuals grown from the transgenic
seeds provided by ABRC. F1: progeny generation, meaning the plants grown from seeds, obtained in the
laboratory, produced by the parent generation.
(Continued)
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Table 4. (continued).
Gene

Transgenic Line

Stomata Phenotype

12

AT4G30130

SALK_035162
SALK_035173
SALK_046610

P: no phenotype
P: no phenotype
P: no phenotype

13

AT3G06220

SALK_067949C

P: no phenotype

14

AT1G63470

SALK_123590C

P: no phenotype

16

AT5G60880

SALK_064805

F1: no phenotype

SALK_128328

P: no homozygous found

SALK_146173

P and F1: no phenotype

17

AT4G31805

SALK_017627
SALK_025419
SALK_042939

P: no phenotype
No insertions found
No insertions found

18

AT4G39040

SALK_076439
SALK_126978
SALK_130549

P and F1: no phenotype
P and F1: no phenotype
P and F1: no phenotype

19

AT5G14979

SALK_020421
SALK_036830

P and F1: no phenotype
P and F1: no phenotype

21

AT1G28530

SALK_007063
SAIL_562_B10
SAIL_659_F07
SAIL_708_F05

No insertions found
P: no phenotype
P: no phenotype
P: no phenotype

22

AT2G36720

SALK_010831
SAIL_24_B05

P: no phenotype
P: no phenotype

23

AT5G27560

SALK_045541
SALK_045549
SALK_132878
SALK_113584C

No insertions found
P: no phenotype
No insertions found
P: no phenotype

24

AT3G61310

SAIL_834_G09

No insertions found

"No phenotype": when no distinctive phenotype was observed between wild type and a mutant. Distinctive
phenotypes are highlighted in purple. P: parent generation, meaning the individuals grown from the transgenic
seeds provided by ABRC. F1: progeny generation, meaning the plants grown from seeds, obtained in the
laboratory, produced by the parent generation.
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Description of Relevant Phenotypes
Gene 1(At1g34245) is annotated as hypothetical protein, similar to EPF1 (EPIDERMAL
PATTERNING FACTOR 1). In this project two SALK lines were studied to assess possible
phenotypes, SALK_102777 and SALK_047918. The first one presented a low germination
yield; twenty-four seeds were planted, and only four plants were obtained; of these, two
were found to be homozygous for the insertion. The general appearance of the mutants was
similar to wild type (Figure 25). All plants were in sterile boxes with MS media.

Figure 25. Arabidospsis plants, wild type and gene Nº1 general appearance.
Left: wild type plant; right: transgenic plants (SALK_102777) showing a similar appearance to wild type; two
of them are homozygous for the insertion. Plants are 30 days old.

The homozygous plants presented a distinctive phenotype. The abaxial epidermis of
young rosette leaves presented numerous groups of small cells of different sizes, caused
probably by excessive asymmetric division of stomatal lineage cells (Figure 26). To the left
is wild type abaxial leaf epidermis; the black arrows show mature stomata and the circle
shows a typical Arabidopsis anisocytic stomatal complex, composed by an immature pair of
guard cells surrounded by three cells of unequal size, usually derived from two asymmetric
divisions. To the right is transgenic line SALK_10277 homozygous mutant; yellow arrows
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show mature stomata, and the yellow circles indicate some of the groups of small cells
formed by excessive division. This pattern was not seen in any wild type plant.

Figure 26. Phenotype of gene Nº1 hypothetical protein, similar to EPF1 (EPIDERMAL PATTERNING
FACTOR 1).
Left: wild type stomatal phenotype; arrows indicate mature stomata, the circle shows the typical anisocytic
stomatal complex of Arabidopsis, formed by a stoma surrounded by three subsidiary cells of unequal size;
right: stomatal phenotype of transgenic line with an insertion in EPF2 gene; arrows indicate mature stomata,
the circles show groups of small cells produced by excessive division. Both pictures were taken from nail
polish peels of dental resin casts, made from the abaxial epidermis of young rosette leaves. Light microscopy.
Bars: 50 µm.

From the second line, SALK_047918, only one heterozygous plant was recovered, and it
did not present a phenotype. The F1 generation of the first SALK line was analyzed to
confirm the phenotype observed in the two parent homozygous plants. Sixteen plants were
analyzed at two stages, six-day-old and 12-day-old seedlings. The phenotype observed in the
parents, excessive division in young rosette leaves, was maintained and presented by all
plants. One of the seedlings presented a different appearance; it was bigger and darker than
the other mutants and wild type plants (Figure 27). This mutant presented a strong
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phenotype in cotyledons, with clustered stomata (Figure 28). Stomata were grouped with
each other and with other small cells, and the pavement cells were abnormally shaped.

Figure 27. Seedlings in Petri dishes, comparison between wild type and EPF2, T1 generation.
Left: wild type plants; right: T1 generation of transgenic line EPF2, the plant that is bigger and darker is the
one that presented clustered stomata in the cotyledons. Plants were 21 days old.

Figure 28. Phenotype of cotyledons of transgenic plant with an insertion in EPF2 gene.
Left: wild type phenotype; arrows indicate mature stomata, the red circle shows one of them, the blue line
indicates the shape of a pavement cell, stomata are well spaced; right: transgenic phenotype; arrows indicate
clusters of stomata and small cells, the blue line shows the shape of a pavement cell, which are not usual in
wild type. Photos from abaxial epidermis of cotyledons (~3mm long) 12-day-old plants. Dental resin
impression technique. Bars: 50 µm.

Gene Nº5 (At5g65410) is annotated as ATHB25/ZFHD2 (ZINC FINGER
HOMEODOMAIN 2), a transcription factor. In this study one transgenic line was studied to
assess any possible role of ATHB25 in stomatal development. The line was a confirmed
homozygous and presented low germination yield. From 20 seeds planted, only two
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germinated; both were confirmed to be homozygous plants, both were dwarfs but with
different appearances (Figure 29), and neither of them presented an altered stomatal
phenotype.

Figure 29. ATHB25 T-DNA insertional mutant plants.
Left: wild type Arabidopsis, 60 days old; right: two homozygous plants with insertion in the ATHB25 gene, 56
days old, both plants showed very delayed growth but did not present any stomatal phenotype.

F1 generation seeds were obtained from both plants but with a great delay compared to a
wild-type life cycle. A total of 12 F1 generation seedlings were studied in different
developmental stages, no stomatal phenotypes were detected, except for one plant that
presented a few clusters of stomata (Figure 30). Some clusters did not break the one-cellspacing rule, like those in Figure 30-B, and others appeared to break the rule (Figure 30-C).
These cotyledons were amorphous and the plant had some growth delay. Wild type
cotyledons can have well spaced stomata, as shown in Figure 30-A; others can present a
more crowded phenotype, in which pairs of stomata are occasionally seen, but clusters do
not typically occur.

56

Figure 30. Stomatal phenotype of one ATHB25 T-DNA insertional mutant.
(A) Wild type abaxial cotyledon epidermis, yellow ovals show well spaced mature stomata
(B) and (C) Abaxial cotyledon epidermis of a transgenic plant with a mutation in ATHB25 gene, both pictures
show clustered stomata not observed in wild type cotyledons. Ovals show stomata.
Bars: 20 µm.

Gene Nº6 At1g12330 is annotated as hypothetical protein. The T0 homozygous plant
analyzed showed clusters of stomata in the abaxial epidermis of leaves (Figure 31). This
plant presents a darker green color than wild type.
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Figure 31. Stomatal phenotype of one At1g12330 T-DNA insertional mutant.
Left: Wild type phenotype of abaxial epidermis of rosette leave; right: mutant phenotype showing clustered
stomata. Clusters did not always break the one-cell-spacing rule, but the general stomatal distribution differs
from the wild type leaf. Yellow circles indicate stomata, the blue line shows epidermal cell boundaries in wild
type picture, the boundaries in the mutant picture are undistinguishable. Plants were 28-day-old. Bars are 20
µm.

Gene Nº8 (At1g02150) is annotated as Pentatricopeptide (PPR) repeat-containing protein.
A total of five transgenic plants (SAIL_501_B09) were analyzed; one homozygous and one
heterozygote T-DNA insertional plants were recovered. Unexpectedly, the homozygous
plant did not present any stomatal phenotype in cotyledons or leaves, but the heterozygous
did; it had clusters of stomata in young rosette leaves (Figure 32). In the top picture, wild
type abaxial epidermis of rosette leaf, yellow ovals indicate position of stomata. The bottom
picture is the T-DNA insertion mutant for gene Nº8, showing clusters of stomata indicated
by the yellow circles.
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Figure 32. Stomatal phenotype of one AT1G02150 T-DNA insertional mutant
Top picture: wild type abaxial epidermis of rosette leaves, red circles indicate the position of stomata; bottom
picture: abaxial epidermis of mutant plant with insertion in At1g02150, there are clusters of stomata, yellow
circles, boundaries of pavement cells are indicated in blue. Bars are 30 µm.

Besides the phenotypes found in homozygous or heterozygous individuals, in a few
occasions, plants without the insertion of interest showed phenotypes including dwarf size,
darker or lighter green color, and altered stomatal patterning. An example is shown in Figure
33. An individual from the line SAIL_65_B07 (Gene Nº 11 At3g61870) presented clusters
of stomata in rosette leaves. The plant did not have a T-DNA insertion in the gene of
interest.
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Figure 33. Leaf stomatal phenotype of individual from line SAIL_65_B07.
The abaxial epidermis of the leaves of this individual showed an abnormal clustered distribution of stomata.
The plant did not present the T-DNA insertion in the gene of interest. Yellow ovals indicate single stomata; red
ovals show clusters of stomata. Bar is 20 µm.

60

DISCUSSION
The goal of this research was to contribute to the understanding of the genetics of the
stomatal development process by identifying genes with guard cell development-related
functions. Our improved understanding in the past decade stems from the discovery of key
genes involved in cell state transitions (MacAlister et al., 2007; Pillitteri et al., 2007;
Ohashi-Ito and Bergmann., 2006; Kanaoka et al., 2008) and other critical genes involved in
the regulation of the number and pattern of stomata (Yang and Sack, 1995; Berger and
Altmann, 2000; Shpak et al., 2003; Bergmann et al., 2004; Wang et al., 2007; Hara, 2007).
There is, however, still a lot to understand about how stomata are formed and distributed.
The main objective of this project was to create a genetic screen to detect Arabidopsis
mutants affected in their stomatal development and showing a distinctive stomatal
phenotype. Based on the concept that coexpressed genes are likely to have related functions,
we hypothesized that coexpression analysis was a good starting point for the search for
unknown genes involved in the stomatal development pathway. A list of candidate genes
was created by coexpression analysis, and to assess each gene phenotype, insertional
mutants were screened with dental resin impressions of cotyledons and leaves and light
microscopy. The assumption behind this part of the analysis was that T-DNA insertions in
the gene of interest would disrupt the protein and its function, resulting in a detectable
stomatal phenotype that could be correlated with the gene function.
Candidate Genes Proved to be Important in Stomatal Development
The purpose of the computational screening was to identify, from the pool of unknown
Arabidopsis genes, those with roles in stomatal development. The screening method has
proven to be valid because three of the candidate genes have been reported recently to have
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critical roles in stomatal development. At the time when the coexpression analysis was
performed, there were no published studies indicating their relation with stomatal
development.
Gene Nº1 of the candidate list (At1g34245) was and is still annotated as a hypothetical
protein similar to EPIDERMAL PATTERNING FACTOR 1 (EPF1). This gene has now
been confirmed to play a role in stomatal development and has been named EPIDERMAL
PATTERNING FACTOR 2 (EPF2) (personal communication from Dominique Bergmann,
co-author of EPF1 paper Hara et. al., 2007). EPF2 was mentioned in an abstract published in
2007, which mainly considers EPF1, a secretory peptide that is thought to control stomatal
patterning. The abstract states that “EPF2 regulates the density of stomatal lineage” and its
overexpression causes stomatal density to decrease (Kakimoto, 2007). There are still no
published studies about EPF2. In this study, I analyzed mutants of EPF2 (SALK_10277).
The insertion caused excessive asymmetric cell division in the leaves (Figure 25); two
generations were studied, but only one individual from the progeny generation (total of 16
plants analyzed) showed clusters of stomata in cotyledons (Figure 26 and 27). This was an
unexpected result since all the F1 plants were homozygous for the same mutation; the same
phenotype was expected for all of them.
Gene Nº4 of this study (At1g12860) is annotated as a basic helix-loop-helix family
protein. It has been recently identified as SCREAM 2 (Kanaoka et al., 2008). This gene and
its paralogue SCREAM (At3g26744) are thought to determine the sequential actions of
SPEECHLES, MUTE, and FAMA, three transcription factors that specify the initiation,
proliferation, and final differentiation of the stomatal lineage. Until now the mechanism of
regulation of these three bHLH proteins was unknown. The gain of function homozygous

62

mutation scrm-D generates an epidermis with stomatal cells only (Figure 33-E). The
transgene SCRM2 R203H is the equivalent mutation of scrm-D and generates ectopic stomata
in the leaf epidermis (Figure 34-J). SCRM was found to be the protein ICE1, INDUCER OF
CBF EXPRESSION1 that regulates freezing tolerance, indicating a link between stomatal
development and adaptation to the environment. Both SCRM and SCRM2 are bHLH
proteins. Studies indicate that they have overlapping expression patterns in the stomatal
pathway as key regulators of the genes in charge of the cell state transitions that lead to the
development of guard cells. Studies about SCRM2 included the characterization of T-DNA
insertion alleles. scrm2-1 line (SAIL_808_B10) with an insertion in an intron was
characterized and did not show any defects (Kanaoka et al., 2008). This indicates that
sometimes the analysis of T-DNA insertional mutants by itself is not sufficient to identify a
phenotype.

Figure 34. Micrographs of scrm-D and SCRM2 R203H gain of function mutations.
(E) cotyledon showing abnormal stomatal differentiation in all epidermal cells of scrm-D
(J) abaxial epidermis of rosette leaves of SCRM2:SCRM2 R203H showing ectopic stomata differentiation.
From Kanaoka et al., 2008.

Despite the fact that this gene was one of the best candidates, we could not perform a
mutant analysis because of the lack of availability of T-DNA lines with insertions in exons,
which was the criterion for line selection.
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Gene Nº16 of the candidate list (At5g60880) is annotated as a hypothetical protein, but it
was reported to be an important regulator of stomatal patterning at the 19th International
Conference on Arabidopsis Research in July 2008 (Dong and Bergman, 2008; Sheahan et
al., 2008). Two presentations about this protein were made by different groups at this
meeting. Dong and Bergmann reported the discovery of a unique protein without any known
functional domains, paralogues in Arabidopsis, nor homologues in other plant families
besides the Brassicaceae. They named the gene BREAKING OF ASYMMETRY IN THE
STOMATAL LINEAGE (BASL). The studied mutation presented excessive stomata and
stomatal lineage ground cells, many of them forming clusters; their studies showed that
BASL is a major regulator of the polarity in the asymmetric divisions that generate the
meristemoids in the stomatal pathway (Dong and Bergman, 2008). The second abstract
reported the same gene as JABBER JAW (JBJ). Their studies revealed that JBJ has an
important role in stomatal patterning. jbj mutants present small clusters of stomata,
suggesting that JBJ acts as a negative regulator in stomatal development (Sheahan et al.,
2008). No other studies have been published yet.
I screened three SALK lines for this gene. Homozygous mutants were obtained from two
of them, but no stomatal phenotype was found, even though this gene has been reported to
play a role in guard cell development. Phenotypic variation occurs among mutant plants
with the same genotype; for example, clusters of stomata appeared in just one plant from the
gene Nº1 progeny. This could be an issue when analyzing these types of lines; it appears to
be necessary to analyze as many individuals as possible to avoid missing the one that could
present a phenotype. In the case of gene Nº16, BASL/JBJ, I analyzed eight plants per line (a

64

total of sixteen) and no phenotype was found. This indicates again the necessity to look for
alternatives to analyze gene function.
Candidate Genes That Presented a Stomatal Phenotype
In addition to gene Nº1, EPF2, I observed a phenotype in mutant plants for the following
genes:
Gene Nº5 presented one mutant individual with clustered stomata in cotyledons. We
suggest this gene should be further studied. Gene Nº5 (At5g65410) is annotated as
ATHB25/ZFHD2 transcription factor, and it has been reported to have a possible role in
floral development. It is strongly expressed in young floral tissue and weakly elsewhere,
including rosette leaves. T-DNA insertional mutations were analyzed by Tan et al., 2006,
and none was found to have any morphological or developmental phenotypes. SLAT, SAIL,
and SALK lines were used, but the article does not identify which lines were used (The
SLAT collection was created in Sainsbury Laboratory, Norwich, UK, by Dr. Jonathan Jones.
Tan et al., 2006). This ZFHD2 family is made up of fourteen members; studies suggest
overlapping roles among them (Tan and Irish, 2006). We analyzed homozygous mutants for
this gene, and the two individuals analyzed in the parental generation presented a dwarf
phenotype (Figure 28), but did not have a stomatal phenotype. From the F1 generation all
plants had a normal size, and just one individual showed a stomatal phenotype, clusters of
stomata in cotyledons (Figure 29). Again, as for gene Nº1, only one individual presented a
phenotype. In this case there are no published studies that ATHB25 is associated with
stomatal development, but the identification of this one individual suggests that further
studies are warranted. Since all F1 plants had a normal size, the dwarf phenotype of the
parents could be due to the presence of a T-DNA insertion in another part of the genome
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besides the one in the gene of interest. This type of transgenic line has about 1.5 insertions
per line (Alonso et al., 2003). Since I observed phenotypic variation in another gene reported
to have a function in guard cell development, I believe that because of the observation of
stomatal clusters in that one plant, the possible stomatal related function of gene Nº5 should
be considered.
Mutations in genes Nº6 and Nº8 resulted in clusters of stomata in the abaxial surface of
leaves, and should be considered for future studies. Gene Nº6 (At1g12330) is annotated as a
hypothetical protein. There is not any information available for this protein, except that is
electronically annotated as located in the chloroplast (www.ncbi.nlm.nih.gov, GeneID:
837787). The parental homozygous plant analyzed was darker green than the wild type and
presented clusters of stomata in leaves. Finally gene Nº8 (At1g02150) is annotated as a
pentatricopeptide (PPR) repeat-containing protein. This one also presented a phenotype of
clusters of stomata (Figure 31), but in this case the plant was a heterozygous mutant, and the
homozygous did not present a phenotype. It was unexpected to find a phenotype in a
heterozygous but not homozygous plant. There is not much information available about this
protein besides that it is a PPR repeat-containing protein. These proteins are hypothesized to
have important roles in the metabolism of mitochondria and chloroplast DNA/RNA (Small
and Peeters, 2000). Its function is annotated as “binding” and located in the chloroplast
(www.ncbi.nlm.nih.gov, GeneID: 839577).
In a few cases, phenotypes were observed in plants from different genes without the TDNA insertion in the gene of interest. These phenotypes were similar to the ones observed
in some homozygous plant with the correct T-DNA insertion, including dwarf size, darker or
lighter green color, and abnormal stomatal phenotype. This observation indicates that the
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presence of a phenotype is not always a consequence of a mutation in the gene of interest; in
the case of the confirmed homozygous mutants, it can be caused by a different insertion.
Conclusions, Recommendations, and Future Directions
The coexpression analysis-based screening method used to choose the candidate genes was
very useful in picking good candidates for the study. Future coexpression studies could be
improved by choosing specific microarray experiments for the coexpression analysis, and
the examination of original expression data could help to discriminate useful coexpression
profiles from others that are less useful. When searching for gene information through the
databases it is important to be aware of mis-annotations, gene information should be
consulted from different sources, including NCBI (http://www.ncbi.nlm.nih.gov/), TAIR
(http://www.arabidopsis.org/) and available literature from both web sites. Frequent searches
for gene information are essential in a study like this, since gene annotation can change
rapidly.
T-DNA insertional mutants are widely used to study gene function (Alonso et al., 2003).
In this research, the main issue with the use of these transgenic lines was the phenotype
variation in plants homozygous for the mutation. It was expected that if any phenotype was
present, it would be manifested in all homozygous plants, but this was not the case. This is a
problem since it may be possible that some phenotypes could not be detected because not
enough plants were analyzed. The lack of availability of T-DNA lines with insertions in
exons represents another drawback to the use of the lines. In this study, gene At1g12860,
now known as SCREAM2, was not studied for that reason. For some transgenic lines, no
insertions were recovered. For others, only heterozygous plants were obtained, even though
many plants were analyzed. In the case of gene Nº7, nine heterozygous and no homozygous
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plants were recovered from a total of thirty-four plants screened. This observation could
indicate that some homozygous mutations could be embryo lethal and cannot be studied by
this method.
Due to the several issues that the analysis of T-DNA insertion lines presented, the top
gene candidates of this study should be revisited, to assess the possibility of a stomatal
related function.
In future studies, as many insertional lines as possible per gene should be included. For
example, analyzing the lines with insertion in the promoter of the genes may increase the
probability of finding a phenotype. The use of T-DNA insertional mutants could be useful as
a part of the approach to study gene function; in addition, however, another method should
be explored, for example by interfering with gene expression using RNA interference
(Brown, 2002), or by over expressing the gene with a constitutive promoter. The problem
with these techniques is that they are not high through-put and they are time-consuming and
labor-intensive, so they cannot be applied for the study of a large number of genes. T-DNA
collections of insertional mutants is a fast way to analyze gene function, despite its
drawbacks, until some other method becomes available, it is the most advantageous
technique to study large numbers of genes.
The dental resin impression technique proved useful to screen many plants in a relatively
quick and easy way. Other studies make use of this technique, especially to make impression
series, to examine the development of cells through time (Geisler et al., 2000). However,
many studies use stain procedures to visualize stomata; for example, plants are fixed with
ethanol/acetic acid and stained with Safranin (Hara et al., 2007) or propidium iodide (Wang
et al., 2007). In these cases, however, confocal microscopy is needed. Differential
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Interference Contrast (DIC) optics are also frequently used in studying stomatal phenotypes
(Yang and Sack, 1995). These kinds of protocols and microscopy generate better stomata
images. When high quality pictures are needed, another option is to use scanning electron
microscopy (SEM). If there is a need to count stomata to assess stomatal density, since the
dental resin impression technique does not generate images suitable for this purpose, SEM
may prove valuable.
This study provided some basis for future studies in stomatal functional genetics. The list
of candidate genes could be re-studied, taking different approaches to examine gene
function. The genes that showed a phenotype could be further studied to make conclusions
about their possible functions in stomatal development.
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Appendix A: List of all Coexpressed Genes per Reference Gene
These are the coexpression list generated per reference, based on criteria mentioned in the
Methods. All genes are identified by their AGI (Arabidopsis Genome Initiative) number.
The intersecting candidates with other reference genes are indicated in the second column.
Annotation or protein information is provided when available; gene and protein information
were retrieved from different sources including TAIR The Arabidopsis Information
Resource (http://www.arabidopsis.org/), NCBI National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/), UniProt Universal Protein Resource
(http://www.uniprot.org/) and The Pfam protein families database (pfam.sanger.ac.uk/).The
values in the columns to the right are correlation coefficients (r values) for the coexpression
between a reference gene and a specific coexpressed gene from the list. In some cases
several r values from different data sets. The letter next to each r value indicates the data set
from which the value was comes from. Letters represent different data sets:
a = ATTED-II database (Obayashi, 2006)
b = Botany Array Resource data set (Toufighi, 2005)
h = AtGenExpress hormone set (Goda, 2008)
n = NASCArrays (Craigon et al., 2004)
s = AtGenExpress stress set (Kilian, 2007)
t = tissue dataset and t+ = tissue plus data set from AtGenExpress development set (Schmid,
2005)
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SPEECHLESS
At5g53210
AGI ID

Also coexpressed with

At1g02150
At1g04110
At1g09900
At1g12330
At1g12860
At1g14440
At1g21810
At1g28530
At1g34245

TMM, SDD1

At1g48460
At1g75240
At1g80080
At2g02540
At2g26330
At2g41950
At2g42840
At3g14900
At3g16670
At3g17680
At3g18960
At3g21200
At3g27920
At3g29185
At3g52170
At4g00180
At4g00480
At4g31805
At4g39040
At5g07180
At5g19170
At5g46880
At5g47380
At5g52960
At5g55620
At5g60880
At5g65410

ER, ERL1, ERL2
TMM, SDD1, ER
TMM, MUTE, ER, ERL2
TMM
MUTE, SDD1, TMM
TMM
MUTE, ER, TMM, ERL2
SPCH
TMM, ER, ERL2
SDD1

TMM, ER
TMM, ER

TMM
TMM

Annotation, protein information, domains
and/or other information
PPR pentatricopeptide
SDD1
PPR pentatricopeptide
similar to unknown protein, chloroplast
bHLH

similar to hypoyhetical protein
similar to unknown protein.
Endomembrane system
similar to unknown protein
ATHB33
TMM
ATHB21
ER
similar to Os03g0226700
PDF1
similar to zic finger protein related
similar to unknown protein
similar to unknown protein
TF B3 fam prot
similar to hypoyhetical protein
TF GLABRA MYB
similar to hypoyhetical protein
DNA binding
YAB3 TF (C2C2)
ATMYC1
WRKY fam TF
similar to unknown protein
ERL2

SDD1
HB7 TF
TMM

MUTE, TMM, SDD1
TMM, ERL2

similar to hypoyhetical protein
similar to unknown protein
unknown protein
ATHB25/ZFHD2

r- values with different data sets
0.866s
0.63a
0.800t
0.852 s
0.801 t+
0.752 b
0.57a
0.804t
0.838 t+
0.821 t
0.756 b
0.79a
0.60a
0.54a
0.860s
0.60a
0.839t
0.847 s
0.770 b
0.772 b
0.876s
0.51a
0.849s
0.775 t+
0.51a
0.58a
0.839 t+
0.866 s
0.56a
0.54a
0.48a
0.55a
0.852s
0.848 s
0.866 s
0.862 b

0.772h tmm

0.626 n

0.70 a

0.910 t

0.826 b

0.79 a

0.771 b
sdd1

0.848 b

0.631 n

0.77 a

0.885 b

0.67 a

0.58 a
0.799b spch 0.629h

0.67 a

0.809 t

0.894 t

0.772h tmm

0.880 t
0.636 n
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FAMA
At3g24140
AGI ID

Also coexpressed with

At1g05230
At1g08810
At1g36320
At1g64430
At1g64680
At1g64770
At1g65190
At1g80080
At2g02450
At2g30170
At2g38780
At2g42130
At2g44870
At2g48070

TMM

At3g01370
At3g01660
At3g15840
At3g23280
At3g47250
At3g56050
At3g57990
At3g62820

TMM, SDD1

At3g6360
At4g10300
At4g14480
At4g17970
At4g34830
At5g03880
At5g07020
At5g25840
At5g27560
At5g40060
At5g48790
At5g58260

SPCH

TMM, SDD1, ER

Description, annotation, domains and/or
other information
homeobox-leucine zipper fam prot
AtMYB60 TF
similar to unknown protein
similar to unknown protein
similar to unknown protein
similar to unknown protein
protein kinase family protein
TMM
NAC TF
catalytic
binding
similar to unknown protein
similar to unknown protein
similar to unnamed product Ostreococcus
tauri
similar to unknown protein

zinc finger
similar to unknown protein
protein kinase family protein
similar to Os08g0510800
invertase/pectin methylesterase inhibitor
family protein
similar to unknown protein
protein kinase family protein

TMM
ER

binding
similar to unknown protein
proline-rich family protein
similar to unknown protein
similat to Os06g0146300
similar to unknown protein

r- values with different data sets
0.928 s
0.824 b
0.931 s
0.929s
0.927s
0.783 t
0.778 b
0.931s
0.56a
0.773 t
0.753 t
0.937 s
0.937s
0.928s
0.927 s
0.60a
0.60a
0.766 b
0.766 b
0.771 b
0.927s
0.715 h
0.56a
0.927 s
0.752 b
0.40a
0.59a
0.941 s
0.937 s
0.888 b
0.931s
0.51a
0.929 s
0.58a

0.799b spch

0.780 t

0.60 a

0.59 a
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MUTE
At3g06120
AGI ID
At1g01380
At1g07690
At1g14440
At1g20390
At1g33265
At1g34245
At1g34842
At1g50910
At1g53810
At1g55200
At1g60460
At1g64250
At1g65090
At1g72570
At1g75240
At1g80640
At2g06820
At2g10740
At2g11010
At2g12390
At2g14595
At2g15660
At2g24460
At3g42140
At3g42770
At3g43500
At3g49950
At3g56680
At4g01490
At4g07890
At4g11140
At4g31330
At4g36930
At5g01080
At5g05550

Also coexpressed with

Description, annotation, domains and/or
other information

TMM, SPCH, ER, ERL2

TF ETC1 (Enhancer of Try and CPC1)
similar to unknown protein
ATHB31

SPCH, TMM, SDD1

similar to unknown protein
similar to unknown protein

protein kinase family protein

ER, ERL2
SPCH, ER, TMM, ERL2

similar to unknown protein
DNA binding TF
ATHB33 TF
protein kinase family protein

MADS TF
similar to unknown protein
F-box family protein
scarecow TF family protein
nucleic acid binding

CRF1 (Citokynin response factor1) TF
similar to unknown protein
SPT (Spatula) DNA bindingTF
TF

r- values with different data sets
0.824 b
0.838 b
0.764 b
0.42a
0.789 b
0.599 s
0.490a
0.48a
0.490a
0.831 b
0.47a
0.51a
0.757 b
0.783 b
0.796 b
0.782 b
0.500a
0.490a
0.500a
0.752 n
0.490a
0.490a
0.490a
0.766 t
0.53a
0.500a
0.49a
0.829 t
0.753 t
0.52a
0.779 b
0.791 b
0.779 b
0.51a
0.828 b

0.621 s

0.771 b sdd1

0.770 h tmm

0.752 t+

0.665 fma t+ 0.52 a

0.490a
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At5g15120
At5g16460
At5g24990
At5g25490
At5g48050
At5g51180
At5g56110
At5g60880
At5g67060

similar to unknown protein
similar to unknown protein
similar to unknown protein
zinc finger fam prot (Ran binding)

SPCH, TMM, SDD1

similar to unknown protein
AtMYB103
unknown protein
bHLH

0.758 b
0.775 b
0.809 b
0.796 b
0.4800a
0.762 b
0.490a
0.46a
0.850 b

0.772 h tmm
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TOO MANY MOUTHS
At1g80080
AGI ID

Also coexpressed with

At1g02150
At1g04110
At1g05230
At1g10522
At1g12860
At1g14440
At1g22700
At1g28530
At1g34245

SPCH, SDD1

At1g48460
At1g50900
At1g67700
At1g75240
At2g02540
At2g26330
At2g41990
At2g42130
At2g42840
At3g01370
At3g17680
At3g18960
At3g28460
At3g61310
At3g61870
At4g04890
At4g31805
At4g32900
At4g39040
At5g07020
At5g07180
At5g14970
At5g15210
At5g23070
At5g47380
At5g53210
At5g60880
At5g65410

SPCH

FAMA
SDD1
SPCH, SDD1
SPCH, MUTE, ER, ERL2
SDD1
SPCH
SPCH, MUTE, SDD1

ERL2
SPCH, MUTE, ER, ERL2
SPCH, ER, ERL2

FAMA, SDD1, ER
FAMA, SDD1
SPCH, ER
CPCH, ER
SDD1
ER, ERL2
SDD1, ERL2
ER
SPCH
SPCH
FAMA
SDD1
ER

Description, annotation, domains and/or
other information
PPR
SDD1
homeobox
similar to conserved hypothetical protein
bHLH
ATHB31
binding
similar to conserved hypothetical protein
similar to unknown protein. Endomem
system
similar to unknown protein
similar to unnamed protein product
similar to At1g67700
ATHB33
ATHB21
ER
similar to unknown protein
PDF1
similar to unknown protein
TF B3 family protein
similar to conserved hypothetical protein
DNA binding fam protein
similar to conserved hypothetical protein
PDF2
WRKY fam TF
similar to unknown protein
similar to unknown protein
proline-rich family protein
ERL2
similar to unknown protein
ATHB30
thymidine kinase, putative

SPCH
SPCH, MUTE, SDD1
SPCH

SPCH
unknown protein
ATHB25/ZFHD2

r- values with different data sets
0.947s
0.650a
0.560a
0.840b
0.939 s
0.865 b
0.938 s
0.813t
0.808 b
0.812 t
0.938s
0.941s
0.858 b
0.580a
0.620a
0.550a
0.947 s
0.71a
0.945 s
0.630 a
0.823 b
0.811b
0.570 a
0.936 s
0.833 b
0.822 t
0.828 b
0.942 s
0.936 s
0.610 a
0.937 s
0.808 b
0.820 t
0.540 a
0.790 a
0.826 t
0.900 b

0.669n

0.816 t
0.70 a

0.64 a

0.774h
0.858 t

0.770 t+

0.663 t+

0.778h

0.78 a

0.63 a
0.811b

0.870b
0.757h
0.55 a

0.751 t+

0.76 a

0.755h

0.782t
0.799b
0.64 a
0.63 a

0.826 t+
0.58 a sdd
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STOMATAL DENSITY AND DISTRIBUTION1

At1g04110
Description, annotation, domains and/or
other information

AGI ID

Also coexpressed with

At1g02150
At1g10522
At1g12860
At1g17850
At1g22700
At1g34245

SPCH, TMM
TMM
SPCH, TMM, ER

PPR

TMM
SPCH, MUTE, TMM

binding
similar to unknown protein. Endomem
system
protein kinase family protein
similar to hypot protein
similar to unknown protein
TMM
similar to unknown protein
similar to unknown protein

At1g54820
At1g64355
At1g74730
At1g80080
At2g20875
At2g31840
At2g31890
At2g39690
At2g41950
At2g42130
At3g01370
At3g05410
At3g12930
At3g19810
At3g20820
At3g28460
At3g50685
At3g61870
At4g12970
At4g17540
At4g24175
At4g29020
At4g30620
At5g10690
At5g14970
At5g19170
At5g27290
At5g27730
At5g46580
At5g53210
At5g58250
At5g60880

ERL2
SPCH

bHLH

similar to unknown protein
SPCH
FMA, TMM, ER
FMA, TMM

similar to unknown protein
similar to unknown protein
similar to hypot protein

ER
TMM
ERL2
TMM, SDD1

TMM
SPCH
ER

SPCH, MUTE, TMM

leucine-rich repeat fam protein
similar to conserved hypot protein
similar to pinis resinosa
similar to conserved hypot protein

glycine-rich protein
similar to unknown protein
PPR
similar to unknown protein
similar to unknown protein
similar to unknown protein
PPR
SPCH
similar to expressed prot
unknown protein

r- values with different data sets
0.890s
0.874t
0.807 t
0.570a
0.901 s
0.771 b
0.886 s
0.891s
0.888 s
0.928s
0.853 t
0.834 t
0.812t
0.863 t
0.804t
0.901 s
0.829 t
0.892s
0.830t
0.901s
0.891 s
0.815t
0.889s
0.889s
0.844t
0.835t
0.817t
0.857 t
0.824 t
0.837t
0.914 s
0.580a
0.889 s
0.900 s
0.814t
0.63a
0.902s
0.58 atted

0.580a
0.909 s

0.58 a

0.59 a

0.650a
0.765 t+

0.669n
0.62 a

0.799b spch
0.768h tmm

0.572 n

0.706 t+

0.62 a

0.610a

0.906s

0.780h tmm

0.752 t+
0.714 t+

0.772t tmm
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MYB88 myb domain protein 88 (TF)
At2g02820
AGI ID
At1g06140
At1g33820
At1g36440
At1g50930
At1g51520
At1g61090
At1g62160
At1g67670
At1g68700
At1g71060
At1g76230
At1g77010
At2g04420
At2g05910
At2g07620
At2g11210
At2g13310
At2g14020
At2g17920
At2g23040
At2g36030
At2g37310
At2g45120
At2g45230
At2g47660
At3g08500
At3g12720
At3g27990
At3g29787
At3g31920
At3g32140
At3g42980
At3g57900
At4g03780
At4g05300
At4g07780
At4g08000
At4g09840

Also coexpressed with

Description, annotation, domains and/or
other information
PPR
unknown protein
similar to unknown protein
nucleic acid binding
similar to unknown protein
unknown protein
similar to unknown protein
PPR
similar to unknown protein
PPR
similar to unknown protein
similar to unknown protein

similar to unknown protein
similar to unknown protein
unknown protein
unknown protein
PPR
zinc finger fam protein C2H2 type
unknown protein
AtMYB83
AtMYB67

similar to unknown protein
similar to unknown protein
unknown protein
similar to unknown protein

unknown protein

r- values with different data sets
0.865n
0.877 n
0.852 n
0.871 n
0.899n
0.878 n
0.830n
0.891n
0.894n
0.826n
0.838 n
0.885n
0.881 n
0.832 n
0.847 n
0.890 n
0.829 n
0.829 t+
0.872 n
0.887 n
0.855 n
0.828n
0.808 t+
0.840 n
0.833 n
0.856 n
0.850 n
0.843 n
0.895n
0.814 t+
0.838 n
0.856 n
0.832 n
0.879n
0.852 n
0.878n
0.846n
0.887 n
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At4g12240
At5g18160
At5g22990
At5g37730
At5g46100
At5g51090
At5g54480
At5g56070

zinc finger fam protein C2H2 type
F-box fam protein
zinc finger fam protein C2H2 type
similar to unknown protein
PPR
unknown protein
similar to unknown protein
similar to unknown protein

0.834n
0.884n
0.831n
0.865 n
0.810t+
0.833 n
0.829 n
0.835 n

ERECTA
At2g26330
AGI ID
At1g02870
At1g05440
At1g06450
At1g10180
At1g12330
At1g12860
At1g14440
At1g15480
At1g27300
At1g32160
At1g63470
At1g63480
At1g63610
At1g64150
At1g67040
At1g69420
At1g69600
At1g71310
At1g72570
At1g73090
At1g75240
At1g79200
At1g80080
At2g02540
At2g17410
At2g24650
At2g25270
At2g40550
At2g42130

Also coexpressed with

Description, annotation, domains and/or
other information
similar to hypothetical protein

ERL2
CCR4-NOT transcription protein process
similar to unknown protein
SPCH, ERL1, ERL2
similar to unknown protein
SPCH, TMM, SDD1
bHLH fam protein
SPCH, MUTE, TMM, ERL2 ATHB31
ERL2
DNA binding

ERL1, erl2
ERL1, erl2

similar to unknown protein
DNA-binding fam protein
DNA-binding fam protein
similar to unknown protein
similar to unknown protein

ERL2
zinc finger fam prot (DHHC type)
ATHB29
ERL1
similar to unknown protein
MUTE, ERL2
DNA binding/transcription factor
similar to conserved hypothetical prot
SPCH, MUTE, TMM, ERL2 ATHB33
similar to unknown protein
TMM
SPCH
SPCH, TMM, ERL2
ATHB21
ARID/BRIGHT DNA-binding domaincontaining protein
transcriptional factor B3 fam protein
ERL2
similar to unknown protein
FMA, TMM, SDD1

similar to unknown protein

r- values with different data sets
0.847h
0.947t
0.845 h
0.857 h
0.801 b
0.852 h
0.875 b
0.939 t
0.849h
0.920 s
0.968 t
0.947 t
0.923 s
0.921 s
0.750a
0.812 t+
0.884 h
0.937 t
0.865 h
0.850h
0.828 b
0.857 h
0.811 b
0.937 t
0.944 t
0.943 t
0.952 t
0.937t
0.919 s

0.69 a
0.947 t

0.856 t+

0.78 a

0.949 t

0.847 t+

0.651 n

0.790 a

0.799b spch

0.634 n

0.71 a
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At3g02640
At3g03170
At3g03450
At3g06160
At3g06220
At3g06610
At3g12770
At3g13510
At3g14190
At3g15357
At3g17160
At3g17680
At3g18960
At3g19810
At3g22780
At3g50890
At3g58010
At3g61310
At4g04890
At4g05400
At4g21750
At4g22140
At4g30130
At4g31880
At4g37750
At5g03390
At5g04000
At5g07180
At5g11550
At5g13090
At5g15210
At5g25590
At5g26850
At5g27560
At5g27730
At5g37360
At3g51510
At5g51850
At5g54300
At5g64980

ERL2

ERL2
ERL1, ERL2

ERL1, ERL2, FLP

ERL1, ERL2
SPCH, TMM
SPCH, TMM
SDD1
ERL1
TMM, ERL2
TMM

ERL2
ERL1, ERL2
FLP
ERL1, ERL2

ERL1, ERL2
TMM

similar to unknown protein
similar to unknown protein
RGL2 RGA-LIKE 2 transcrription factor
transcriptional factor B3 fam protein
DNA binding/transcription factor
DNA-binding enhancer protein-related
PPR
similar to unknown protein
similar to unknown protein
similar to zinc finger protein-related
similar to unknown protein
similar to unknown protein
transcriptional factor B3 fam protein
TSO1 transcription factor
ATB28
similar to unknown protein
DNA-binding fam protein
PDF2 TF
similar to unknown protein
ATML1 (MERISTEM LAYER1) TF
DNA binding
similar to unknown protein
binding
ANT (AINTEGUMENTA) TF
similar to unknown protein
ERL2 ERECTA-LIKE 2
binding
similar to unknown protein
ATHB30
similar to unknown protein

FMA
SDD1

similar to unknown protein

ERL2

similar to unknown (Hordeum vulgare )
similar to unknown protein
similar to unknown protein
similar to unknown protein

0.863 t+
0.862 h
0.881 h
0.680a
0.940 t
0.852 h
0.845h
0.824 t+
0.949 t
0.846 h
0.964 t
0.851 h
0.831 b
0.903s
0.954 t
0.812 t+
0.908 s
0.967 t
0.856b
0.851 h
0.770a
0.941 t
0.943 t
0.936t
0.854t+
0.826 t+
0.852h
0.936 t
0.938t
0.880 h
0.805 b
0.868 h
0.700a
0.904s
0.911 s
0.919s
0.917s
0.791 b
0.852 h
0.952 t

0.856 t+

0.942 t
0.71 a

0.72 a

0.70 a
0.889 t+
0.730a

0.74 a

0.796 t+

0.69a

0.790 b
0.750a

0.899 t+
0.884t+

0.73 a
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ERECTA-LIKE 1
At5g62230
AGI ID
At1g06420
At1g12330
At1g17930
At1g44780
At1g63470
At1g63480
At1g71310
At1g77270
At2g26330
At2g28020
At2g35310
At2g35530
At3g04960
At3g06220
At3g07860
At3g13510
At3g17160
At3g50890
At3g61250
At4g00870
At4g14200
At4g30130
At5g03390
At5g07180
At5g11550
At5g18000
At5g47900
At5g49100
At5g57345

Also coexpressed with
ER, ERL2, SPCH

ER, ERL2
ER, ERL2
ER

ERL2

ER, ERL2
ER, ERL2, FLP
ER, ERL2
ER
ERL2

ER, ERL2
ER, ERL2
ER, ERL2

Description, annotation, domains and/or
other information
similar to unknown protein
similar to unknown protein
similar to unknown protein
similar to unknown protein
DNA-binding family protein
DNA-binding family protein
similar to unknown protein
similar to unknown protein
ER
similar to unknown protein
TF B3 fam protein
Bzip TF family protein
similar to unknown protein
DNA binding/TF
similar to unknown protein
similar to unknown protein
similar to unknown protein
ATHB28
AtMYB17 TF
b HLH TF
similar to unknown protein
similar to unknown protein
similar to unknown protein
ERL2
similar to unknown protein
TF B3 fam protein
similar to unknown protein
similar to OJ000315
similar to unknown protein

r- values with different data sets
0.860t
0.785n
0.819t
0.834t
0.833t
0.820t
0.832t
0.855t
0.68a
0.821t
0.70a
0.822t
0.816t
0.816t
0.813t
0.859t
0.823t
0.838t
0.69a
0.72a
0.820t
0.841t
0.881t
0.72a
0.843t
0.72a
0.804s
0.835t
0.827s

0.75a

0.76a
0.78a

0.69a

0.80a
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ERECTA-LIKE 2
At5g07180
AGI ID
At1g03790
At1g05440
At1g08610
At1g11120
At1g11950
At1g12330
At1g13330
At1g14440
At1g15290
At1g15480
At1g15980
At1g17920
At1g26260
At1g63470
At1g63480
At1g67040
At1g67700
At1g72570
At1g74730
At1g75150
At1g75240
At1g80080
At2g02160
At2g02540
At2g11910
At2g15000
At2g16210
At2g16270
At2g21800
At2g22680
At2g25270
At2g26330
At2g32590

Description, annotation, domains and/or
other information
zinc finger fam orit (CCCH type)
ER
similar ot Os03g0747100
pentatricopeptide (PPR) repeat containing
protein
similar to unknown protein
TF jumonji (jmjC)
ER, ERL1, SPCH
similar to unknown protein
similar to unknown protein
SPCH, MUTE, TMM, ER, ERL2 ATHB31
binding
ER
DNA binding
similar to Os08g0276100

r- values with different data sets

Also coexpressed with

HDG12 (HOMEODOMAIN GLABROUS 12) TF

FLP
ER, ERL1
ER, ERL1
ER
TMM
MUTE, ER
SDD1
SPCH, MUTE, TMM, ER
SPCH
SPCH, TMM, ER

ER

DNA binding/ TF
DNA binding fam protein
DNA binding fam protein
similar to unknown protein
similar to at1g67700
DNA binding/ TF
similar to unknown protein
similar to unknown protein
ATHB33
TMM
zinc finger fam orit (CCCH type)
ATHB21
similar to zinc finger prot related
similar to unknown protein
TF B3 fam protein
similar to unknown protein
similar to unknown protein
zinc finger fam prot (C3HC4 type ring
finger)
similar to unknown protein
ER
similar to Barren

0.890h
0.924t
0.896h
0.945t
0.920t
0.908h
0.925t
0.853t+
0.874s
0.920t
0.881s
0.69
0.926t
0.935t
0.920t
0.952t
0.872s
0.894h
0.883s
0.930t
0.925t
0.877s
0.887h
0.73a
0.882h
0.894h
0.70a
0.940t
0.931t
0.919h
0.937t
0.936t
0.920t

0.794t spch

0.76a

0.69a
0.806t+

0.74a

0.863t+

0.80a

0.799b spch

0.73a
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At2g33860
At2g34340
At2g35310
At2g36720
At2g37630
At2g38370
At2g42840
At2g44210
At2g44910
At2g46730
At3g02640
At3g06160
At3g06220
At3g13510
At3g15590
At3g17160
At3g18980
At3g28700
At3g48250
At3g50685
At3g50870
At3g57060
At3g58770
At3g61250
At3g61310
At3g61870
At4g13220
At4g15140
At4g20020
At4g22140
At4g22890
At4g26150
At4g27510
At4g28310
At4g30130
At4g34400
At4g38440
At5g02520

FLP
ERL1
YDA

ETT ETTIN TF
similar to unknown protein
TF B3 fam protein
PHD finger TF
AS1 ATPHAN AtMYB91 ASYMMETRIC
LEAVES 1 TF

similar to unknown protein
PDF1 PROTODERMAL FACTOR 1
similar to unknown protein
homeobox-leucine zipper protein 4 (HB-4)
ER
ER
ER, ERL1
ER, ERL1, FLP
ER, ERL1

SDD1

ERL1
TMM, ER
TMM, SDD1

ER

ER, ERL1

similar to unknown protein
transcriptional factor B3 fam protein
DNA binding/ TF
similar to unknown protein
DNA binding protein
similar to unknown protein
F-box fam protein
similar to Os01g0588800
pentatricopeptide (PPR) repeat containing
protein
similar to p-166-4_1 Pinus resinosa
MNP MONOPOLE TF
binding
similar to Os05g0518200
AtMYB17 TF
DNA binding fam protein
similar to conserved hyp prot GB:ABE93513
similar to Os12g0276100
similar to OSJNBa00114K14.13
similar to unknown protein
DNA binding
similar to unknown protein
zinc finger fam prot (GATA type)
similar to Os02g0461200
similar to unknown protein
similar to unknown protein
DNA binding/ TF
similar to Os06g0574400
unknown protein

0.951t
0.886h
0.72a
0.885h
0.828t+
0.019t
0.803b
0.877s
0.923t
0.904h
0.873t+
0.811t+
0.943t
0.836t+
0.889h
0.919t
0.885h
0.886h
0.899h
0.871s
0.951t
0.918t
0.955t
0.958t
0.938t
0.881s
0.878s
0.926t
0.885h
0.801t+
0.882s
0.887h
0.920t
0.922t
0.81 a
0.953t
0.919h
0.917t

0.899t+

0.77 a

0.857t+
0.905t+

0.70a

0.836t+
0.821t+
0.830t+
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At5g03070
At5g03390
At5g03670
At5g11550
At5g51590
At5g61850
At5g62230
At5g64710
At5g64980
At5g65410

ER, ERL1
ER, ERL1

ER
SPCH, TMM

binding
similar to unknown protein
similar to unknown protein
binding
DNA binding pritein related
LEAFY (LFY) TF
ERL1
similar to unknown protein
similar to unknown protein
ATHB25/ZFHD2

0.880h
0.846t+
0.896h
0.885t+
0.919t
0.819t+
0.72a
0.944t
0.949t
0.920t

0.857t+

FOUR LIPS MYB124 (TF)
At1g14350
AGI ID
At1g04550
At1g19835
At1g26260
At1g27690
At1g28260
At1g28400
At1g29950
At1g52150
At1g60060
At1g62360
At1g70470
At1g74650
At1g75730
At1g79420
At1g80130
At2g13150
At2g20650
At2g27230
At2g29515
At2g33860
At2g35430
At2g38970
At2g40160

Also coexpressed with

Description, annotation, domains and/or
other information

r- values with different data sets

IAA12 BDL (AUXIN INDUCED PROTEIN 12) TF 0.769t

ERL2
YDA

YDA

ERL2
YDA

similar to unknown protein
DNA binding/TF
similar to unknown protein
binding
similar to unknown protein
similar to transcription factor
ATHB12 (INCURVATA)
similar to unknown protein
STM (SHOOT MERISTEMLESS) TF
similar to unknown protein
AtMYB31 TF
unknown protein
similar to unknown protein
binding
TF
zinc finger fam prot C3HC4 Type
LHW TF related
similar to unknown protein
ARF. ETT (ETTIN) TF
zinc finger fam prot CCCH Type
zinc finger fam prot C3HC4 Type
similar to unknown protein

0.656b
0.711n
0.641t+
0.623b
0.652h
0.738t
0.54 a
0.592t+
0.753t
0.635h
0.704n
0.615b
0.741t
0.638h
0.690n
0.705n
0.602t+
0.575t+
0.49 a
0.603t+
0.542s
0.656h
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At2g40640
At3g13510
At3g52920
At3g53540
At3g55420
At3g63180
At3g63300
At4g04630
At4g27240
At4g31270
At4g31880
At4g37650
At5g09460
At5g12440
At5g14090
At5g25475
At5g43880
At5g49640
At5g55210
At5g58500
At5g60200
At5g60690
At5g64340

ER, ERL1, ERL2

ER

YDA

similar to unknown protein
similar to unknown protein
similar to unknown protein
similar to unknown protein
similar to Os12g0571300
ATTKL similar to unknown protein
similar to unknown protein
similar to unknown protein
zinc finger fam prot C2H2 Type
TF
binding
SHR (SHORT ROOT) TF
TF
zinc finger fam prot CCCH Type
similar to unknown protein
DNA binding
similar to unknown protein
unknown protein
similar to unknown protein
similar to unknown protein
Dof-type zinc finger domain containing protein

REV (REVOLUTA) TF
SAC51 (SUPPRESSOR OF ACAULIS 51) TF

0.798t
0.593t+
0.608b
0.613b
0.720n
0.678b
0.548s
0.794
0.750t
0.698n
0.578t+
0.775t
0.764t
0.49 a
0.700n
0.585t+
0.631b
0.690n
0.599t+
0.629h
0.581t+
0.753t
0.784t

0.636t+

0.49 a

0.53 a
0.53 a

0.50 a
0.49 a
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YODA
At1g63700
AGI ID
At1g06230
At1g09575
At1g16710
At1g18740
At1g19000
At1g20670
At1g27690
At1g43850
At1g47740
At1g74450
At1g75730
At1g76630
At2g19390
At2g21230
At2g23740
At2g29510
At2g33440
At2g35430
At2g36720
At2g39580
At2g46420
At2g47070
At3g01530
At3g09370
At3g18930
At3g24870
At3g26935
At3g59430
At3g61670
At4g31080
At4g38750
At5g10750
At5g12850
At5g19420
At5g27970
At5g55210
At5g62000
At5g62090

Also coexpressed with

Description, annotation, domains and/or
other information
DNA binding bromodomain containing protein

similar to unknown protein
TAZ zinc finger family protein
similar to unknown protein
myb fam TF
DNA binding bromodomain containing protein

FLP

FLP

FLP
ERL2

similar to unknown protein
SEU (SEUSS) TF; C2H2
similar to unknown protein
similar to unknown protein
unknown protein
tetratricopeptide repeat cont prot
similar to unknown protein
Bzip fam TF
TF
similar to unknown protein
splicing factor fam protein
zinc finger fam prot CCCH Type
PHD finger TF
binding
similar to unknown protein
SPL1 (SQUAMOSA PROMOTER BINDING
PRETEIN-LIKE 1) TF

FLP

ATMYB57
ATMYB3R3
zinc finger fam prot C3HC4 Type
DNA binding
zinc finger fam prot DHHC Type
unknown protein
similar to unknown protein
similar to unknown protein
similar to hypothetical protein
similar to unknown protein
zinc finger fam prot CCCH Type
zinc finger protein
binding
similar to unknown protein
ARF2 (AUXIN RESPONSE FACTOR 2) TF
similar to transcriptional co-regulator family
protein

r- values with different data sets
0.624 n
0.454s
0.46 a
0.509s
0.633b
0.544n
0.653t+
0.48 a
0.628h
0.493s
0.670b
0.40a
0.755t
0.657t+
0.39 a
0.750b
0.625t+
0.599t+
0.41 a
0.602n
0.746t
0.41 a
0.566n
0.586n
0.605t+
0.43 a
0.711b
0.720t
0.736t
0.642b
0.731t
0.483s
0.39 a
0.646b
0.652t+
0.608t+
0.45 a

0.490s

0.638t+

0.674t+

0.652t+

0.642b
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Appendix B: List of All Intersecing Genes
This is the gene list of all genes that showed intersecting (overlapped) coexpression patterns
between two or more reference genes, this is, genes that were found highly coexpressed
(correlation coefficient r ≥ 0.8) with two or more reference genes. The list is ranked from the
most correlated gene (top) to the least correlated (button) gene. A check next to a locus indicates
that the gene was chosen as a candidate for the study. Protein information is provided when
available. The reference genes highlighted in green indicate high correlation, the genes that are
not highlighted indicate a correlation coefficient r ≤ 0.8.
The columns to the right show the correlation coefficients found between the query gene and
each reference gene per data set. Data retrieved from Expression Angler (BAR),
http://bar.utoronto.ca/ and ATTED-II, http://www.atted.bio.titech.ac.j.
The letters next to the numbers indicate to which data set that r value corresponds.
a = ATTED-II database (Obayashi, 2006)
b = Botany Array Resource data set (Toufighi, 2005)
h = AtGenExpress hormone set (Goda, 2008)
n = NASCArrays (Craigon et al., 2004)
s = AtGenExpress stress set (Kilian, 2007)
t = tissue dataset and t+ = tissue plus data set from AtGenExpress development set (Schmid,
2005)
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PROTEIN INFORMATION

COEXPRESSED
WITH

r VALUES WITH DIFFERENT DATA SETS

Nº

LOCUS

1

AT1G34245

P

hypothetical protein
similar to EPF1
(EPIDERMAL PATTERNING FACTOR 1)

SPCH
TMM
SDD1
MUTE

0.826 b
0.808 b
0.771 b
0.599 s

0.910 t
0.858 t

0.838 t+
0.770 t+

0.790 a
0.780 a

2

AT1G14440

P

ATHB31 (ARABIDOPSIS THALIANA
HOMEOBOX PREOTEIN31);
transcription factor

ER
ERL2
TMM
SPCH
MUTE

0.875 b
0.853 t+
0.865 b
0.752 b
0.764 b

0.947 t
0.760 a
0.700 a
0.626 n
0.621 s

0.856 t+

0.780 a

(taken from NCBI, http://www.ncbi.nlm.nih.gov/)

0.700 a

3

AT1G75240

P

ATHB33 (ARABIDOPSIS THALIANA
HOMEOBOX PROTEIN 33);
DNA binding/transcription factor

ER
ERL2
TMM
SPCH
MUTE

0.828 b
0.925 t
0.858 b
0.756 b
0.796 b

0.651 n
0.863 t+
0.630 a
0.580 a

0.949 t
0.800 a

4

AT1G12860

P

basic helix-loop-helix (bHLH) family
protein / F-box family protein

TMM
SDD1
SPCH

0.939 s
0.909 s
0.801 t+

0.816 t
0.807 t

0.640 a
0.580 a

5

AT5G65410

P

ATHB25/ZFHD2 (ZINC FINGER
HOMEODOMAIN 2); transcription factor

SPCH
TMM
ERL2

0.862 b
0.900 b
0.920 t

0.636 n
0.630 a
0.857 t+

6

AT1G12330

P

hypothetical protein

SPCH
ER
ERL2
ERL1

0.852 s
0.801 b
0.908 h
0.785 n

-

AT2G42130

hypothetical protein
Identical to Probable plastid-lipid-associated
protein 13, chloroplast precursor (PAP13)

FMA
TMM
SDD1

0.937 s
0.947 s
0.901 s

7

AT3G01370

P

ATCFM2/CFM2 (CRM FAMILY MEMBER 2)

FMA
TMM
SDD1

0.927 s
0.945 s
0.829 t

8

AT1G02150

P

pentatricopeptide (PPR)
repeat-containing protein

SPCH
TMM
SDD1

0.866 s
0.947 s
0.890 s

9

AT3G17680

P

hypothetical protein

ER
SPCH
TMM

0.851 h
0.770 b
0.757 h

0.942 t
0.670 a
0.630 a

10

AT3G18960

P

transcriptional factor B3 family protein

TMM
ER
SPCH

0.823 b
0.831 b
0.772 b

0.550 a
0.710 a

11

AT3G61870

P

hypothetical protein

TMM
SDD1
ERL2

0.936 s
0.889 s
0.881 s

-

AT1G72570

DNA binding / transcription factor
Identical to AP2-like ethylene-responsive

ER
ERL2
MUTE

0.865 h
0.894 h
0.783 b

transcription factor AINTEGUMENTA-LIKE 1 (AIL1)

0.847 t+

0.720 a
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PROTEIN INFORMATION

COEXPRESSED
WITH

r VALUES WITH DIFFERENT DATA SETS

Nº

LOCUS

12

AT4G30130

P

hypothetical protein

ER
ERL1
ERL2

0.943 t
0.841 t
0.810 a

0.796 t+
0.800 a
0.821 t+

13

AT3G06220

P

DNA binding/transcription factor
similar to transcriptional factor B3 family
protein AT3G0616.1

ER
ERL1
ERL2

0.940 t
0.816 t
0.943 t

0.856 t+
0.780 a
0.899 t+

0.770 a

binding

ER
ERL1
ERL2

0.938 t
0.843 t
0.885 t+

0.750 a

0.884 t+

DNA-binding family protein

ER
ERL1
ERL2

0.968 t
0.833 t
0.935 t

-

AT5G11550

14

AT1G63470

(taken from NCBI, http://www.ncbi.nlm.nih.gov/)

P

0.690 a

0.690 a

AT1G63480

DNA-binding family protein

ER
ERL1
ERL2

0.947 t
0.820 t
0.920 t

-

AT3G13510

hypothetical protein

ER
ERL1
ERL2
FLP

0.824 t+
0.859 t
0.836 t+
0.593 t+

-

AT3G17160

hypothetical protein

ER
ERL1
ERL2

0.964 t
0.823 t
0.919 t

-

AT5G03390

hypothetical protein

ER
ERL1
ERL2

0.826 t+
0.881 t
0.846 t+

15

AT2G02540

P

ATHB21/ZFHD4 (ZINC FINGER
HOMEODOMAIN 4); DNA binding /
transcription factor
similar to ATHB31

ER
ERL2
SPCH
TMM

0.937 t
0.730 a
0.600 a
0.580 a

0.634 n

16

AT5G60880

P

hypothetical protein
2 abstracts ?

SPCH
TMM

0.885 b
0.826 t

0.866 s
0.640 a

0.880 t

0.670 a

17

AT4G31805

P

WRKY family transcription factor
Comment: The description of this gene
is wrong. Somssich, I (Tair 2006-11-24)

SPCH

0.848 b

0.631 n

0.894 t

0.839 t+

TMM

0.822 t

0.751 t+

0.760 a

hypothetical protein

SPCH
TMM

0.866 s
0.942 s

tetratricopeptide repeat
(TPR)-containing protein
similar to SPY (SPINDLY)
transferase, transferring glycosyl groups

TMM
SDD1

0.938 s
0.901 s

amine oxidase/ copper ion binding /
quinone binding

TMM
SDD1

0.937 s
0.914 s

hypothetical protein

SDD1
TMM

0.815 t
0.811 b

0.610 a

0.906 s

18

AT4G39040

-

AT1G22700

19

AT5G14970

-

AT3G28460

P

P

0.770 a
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PROTEIN INFORMATION

COEXPRESSED
WITH

r VALUES WITH DIFFERENT DATA SETS

Nº

LOCUS

20

AT1G48460

P

hypothetical protein

TMM
SPCH

0.812 t
0.821 t

0.663 t+

21

AT1G28530

P

hypothetical protein

TMM
SPCH

0.813 t
0.804 t

0.774 h

-

AT1G10522

hypothetical protein

SDD1
TMM

0.874 t
0.840 b

0.580 a

22

AT2G36720

P

PHD finger transcription factor
putative

ERL2
YDA

0.885 h
0.410 a

23

AT5G27560

P

hypothetical protein

ER
FMA

0.904 s
0.931 s

-

AT2G41950

hypothetical protein

SPCH
SDD1

0.860 s
0.804 t

-

AT1G05230

homeobox-leucine zipper family
protein / lipid-binding START
domain-containing protein

FMA
TMM

0.928 s
0.804 t

24

AT3G61310

DNA-binding family protein

ER
ERL2
TMM

0.967 t
0.938 t
0.570 a

-

AT3G50685

hypothetical protein

ERL1
SDD1

0.871 s
0.889 s

-

AT5G27730

hypothetical protein

ER
SDD1

0.911 s
0.900 s

-

AT5G15210

ATHB30/ZFHD3 (ZINC FINGER
HOMEODOMAIN 3); DNA binding /
transcription factor

ER
TMM

0.805 b
0.808 b

-

AT3G19810

hypothetical protein

ER
SDD1

0.903 s
0.901 s

-

AT1G67700

hypothetical protein

TMM
ERL2

0.941 s
0.872 s

-

AT1G26260

basic helix-loop-helix (bHLH)
family protein

ERL2
FLP

0.926 t
0.711 n

-

AT4G31880

hypothetical protein

ER
FLP

0.936 t
0.578 t+

(taken from NCBI, http://www.ncbi.nlm.nih.gov/)

P

0.889 t+
0.905 t+

0.778 h

0.740 a
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Appendix C: Primer Sequences and Features. T-DNA insertion locations.
List of all primers used in this study, ordered by candidate gene. All information was retrieved
from http://signal.salk.edu/cgi-bin/tdnaexpress. The following features are provided:
PRODUCT_SIZE: size of the PCR product when no insertion is present
Insertion site: chromosome location of the T-DNA insertion
BP+RP_PRODUCT_SIZE: size of the PCR product from the border primer
to the right primer, when the insertion is present
DIFF_TM: Difference between the melting temperatures of both primers
LP: left genomic primer sequence
RP: right genomic primer sequence
Len: Length of the primer sequence (number of nucleotides)
TM: Melting temperature of the primer
GC: Percentage of guanine and cytosine
Gene Nº 1 At1g34245 hypothetical protein, similar to EPF1 (EPIDERMAL PATTERNING FACTOR 1)
SALK_102777.34.60.x
PRODUCT_SIZE 1241 Insertion chr1 12473491 BP+RP_PRODUCT_SIZE 574-874 DIFF_TM 0.64
LP TTTTTCCCCTAAAAACACTTAAAATC
Len 26 TM 59.34 GC 26.92
RP TTTGGTCGTTAACTCCATTCG
Len 21 TM 59.98 GC 42.86
SALK_047918.52.85.x
PRODUCT_SIZE 987 Insertion chr1 12473559 BP+RP_PRODUCT_SIZE 449-749
LP TAAAACCTCTGCCTCAACCAG
Len 21 TM 59.36 GC 47.62
RP TTACCGGTATGATGGAGATGG
Len 21 TM 59.65 GC 47.62

DIFF_TM 0.29

Gene Nº3: At1g75240 ATHB33 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 33); DNA
binding/transcription factor
SALK_097385.31.30.x
PRODUCT_SIZE 1136 Insertion chr1 28245470 BP+RP_PRODUCT_SIZE 564-864 DIFF_TM 0.05
LP TGGTGTTGGTGGTTTCTTAGC
Len 21 TM 60.02 GC 47.62
RP GCAAAAACTGGGTTTTTCCTC
Len 21 TM 59.97 GC 42.86
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SALK_097388.45.35.x
PRODUCT_SIZE 1136 Insertion chr1 28245469 BP+RP_PRODUCT_SIZE 563-863
LP TGGTGTTGGTGGTTTCTTAGC
Len 21 TM 60.02 GC 47.62
RP GCAAAAACTGGGTTTTTCCTC
Len 21 TM 59.97 GC 42.86

DIFF_TM 0.05

Gene Nº5: At5g65410 ATHB25/ZFHD2 (ZINC FINGER HOMEODOMAIN 2); transcription factor
SALK_133857.54.80.x
PRODUCT_SIZE 983 Insertion chr5 26153366 BP+RP_PRODUCT_SIZE 439-739
DIFF_TM 0.52
LP CCTAGTGTGTTTTAAGATGAGCCC
Len 24 TM 60.40 GC 45.83
RP AAACTCACCACAACCATCGAC
Len 21 TM 59.88 GC 47.62
Gene Nº6: At1g12330 hypothetical protein.
SAIL_345_C09
PRODUCT_SIZE 972 Insertion chr1 4196215 BP+RP_PRODUCT_SIZE 446-746
LP CTGATTCAAGCCACGAAGAAG
Len 21 TM 60.00 GC 47.62
RP CTAGTTCTTCCTCATCGCTGC
Len 21 TM 59.23 GC 52.38
SAIL_391_C12
PRODUCT_SIZE 1042 Insertion chr1 4196635 BP+RP_PRODUCT_SIZE 513-813
LP GCTCCTGGGTTTCAGAAAAAC
Len 21 TM 60.10 GC 47.62
RP TCGTTGTTTCAATCCTTTTCG
Len 21 TM 60.10 GC 38.10
SALK_037407.56.00.x
PRODUCT_SIZE 1137 Insertion chr1 4196072 BP+RP_PRODUCT_SIZE 602-902
LP ATTCACTTGCAAAAGCCATTG
Len 21 TM 60.12 GC 38.10
RP CTGATTCAAGCCACGAAGAAG
Len 21 TM 60.00 GC 47.62

DIFF_TM 0.77

DIFF_TM 0.01

DIFF_TM 0.12

Gene Nº7: At3g01370 ATCFM2/CFM2 (CRM FAMILY MEMBER 2)
SALK_000703.51.25.x
PRODUCT_SIZE 1220 Insertion chr3 141187 BP+RP_PRODUCT_SIZE 563-863
LP TCAAGCTGAGCCACACATATG
Len 21 TM 59.88 GC 47.62
RP GAGGGACTCTGATATCTCGGG
Len 21 TM 60.04 GC 57.14

DIFF_TM 0.17

Gene Nº8: At1g02150 pentatricopeptide (PPR) repeat-containing
SAIL_501_B09 (Stock Nº CS821018)
PRODUCT_SIZE 1146 Insertion chr1 410470 BP+RP_PRODUCT_SIZE 495-795
LP ACACATCAAAATGATCCTGGC
Len 21 TM 59.81 GC 42.86
RP GGGAGGAAAACCAAGTTCAAG
Len 21 TM 59.96 GC 47.62

DIFF_TM 0.15

Gene Nº9: At3g17680 hypothetical protein
SALK_076870.38.00.x
PRODUCT_SIZE 1156 Insertion chr3 6043297 BP+RP_PRODUCT_SIZE 516-816
LP ACTGCTGAAGAACAGAGGCAG
Len 21 TM 59.80 GC 52.38
RP TCGATGAGCTTGTATCCCAAC
Len 21 TM 60.09 GC 47.62

DIFF_TM 0.29
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Gene Nº10: At3g18960 Transcription factor B3 family protein
SALK_132945.34.75.x
PRODUCT_SIZE 982 Insertion chr3 6543254 BP+RP_PRODUCT_SIZE 465-765
LP TTACAACCCAAAACACGAAGG
Len 21 TM 59.88 GC 42.86
RP TAAACTTGCAGGTCTCGGTTC
Len 21 TM 59.37 GC 47.62
SALK_008105.38.95.x
PRODUCT_SIZE 1153 Insertion chr3 6543574 BP+RP_PRODUCT_SIZE 545-845
LP CCGTGTTCGAGCTAATGAAAG
Len 21 TM 59.89 GC 47.62
RP GTTGGAGTGAGTTTGCAGAGG
Len 21 TM 59.90 GC 52.38
Gene Nº 11: At3g61870 hypothetical protein
SALK_088654.25.80.x
PRODUCT_SIZE 1110 Insertion chr3 22915680 BP+RP_PRODUCT_SIZE 485-785
LP TTTTCCCCAGCCAAAAATATAC
Len 22 TM 59.26 GC 36.36
RP TGGACTACAAATTGCGGAAAC
Len 21 TM 59.99 GC 42.86
SALK_131721.42.70.x
PRODUCT_SIZE 1180 Insertion chr3 22913836 BP+RP_PRODUCT_SIZE 514-814
LP TACTTGTCGAACAACCGTTCC
Len 21 TM 60.02 GC 47.62
RP GTTGGATCTGAAGCTCAGTCG
Len 21 TM 60.00 GC 52.38
SALK_131730.55.30.x
PRODUCT_SIZE 1032 Insertion chr3 22913688 BP+RP_PRODUCT_SIZE 480-780
LP ACCAGATTTCATGTCCACTCG
Len 21 TM 59.98 GC 47.62
RP CCCATCACAATTGGGTGTATC
Len 21 TM 59.92 GC 47.62
SAIL_65_B07
PRODUCT_SIZE 1042 Insertion chr3 22914069 BP+RP_PRODUCT_SIZE 466-766
LP TATCGTTCCCTTTCTGCATTG
Len 21 TM 60.08 GC 42.86
RP CTTCTTCCTCGCACTCATCAC
Len 21 TM 60.00 GC 52.38
SAIL_69_B02
PRODUCT_SIZE 1042 Insertion chr3 22914080 BP+RP_PRODUCT_SIZE 477-777
LP TATCGTTCCCTTTCTGCATTG
Len 21 TM 60.08 GC 42.86
RP CTTCTTCCTCGCACTCATCAC
Len 21 TM 60.00 GC 52.38

DIFF_TM 0.52

DIFF_TM 0.01

DIFF_TM 0.73

DIFF_TM 0.02

DIFF_TM 0.06

DIFF_TM 0.08

DIFF_TM 0.08

Gene Nº12: At4g30130 hypothetical protein
SALK_035162.51.00.x
PRODUCT_SIZE 1138 Insertion chr4 14736390 BP+RP_PRODUCT_SIZE 578-878
LP CTTGATGGCTAGTGGAAGCAG
Len 21 TM 60.02 GC 52.38
RP TTCCTCAGCACCAAACATTTC
Len 21 TM 60.10 GC 42.86

DIFF_TM 0.08

SALK_035173.56.00.x
PRODUCT_SIZE 1138 Insertion chr4 14736390 BP+RP_PRODUCT_SIZE 578-878
LP CTTGATGGCTAGTGGAAGCAG
Len 21 TM 60.02 GC 52.38

DIFF_TM 0.08
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RP TTCCTCAGCACCAAACATTTC

Len 21 TM 60.10 GC 42.86

SALK_046610.54.00.x
PRODUCT_SIZE 1064 Insertion chr4 14736531 BP+RP_PRODUCT_SIZE 438-738
LP GCAATGCTGATCGAGCTAATC
Len 21 TM 59.97 GC 47.62
RP GCAGTCTTGAGGTGTCCAGAG
Len 21 TM 60.04 GC 57.14

DIFF_TM 0.08

Gene Nº13: At3g06220 DNA binding/transcription factor
SALK_067949.55.00.x
PRODUCT_SIZE 1116 Insertion chr3 1884129 BP+RP_PRODUCT_SIZE 430-730
LP GTGATCCAAATCCTGCTTCAG
Len 21 TM 59.69 GC 47.62
RP CGTCAACAAGGCTACCAAGAG
Len 21 TM 59.92 GC 52.38

DIFF_TM 0.24

Gene Nº14: At1g63470 DNA-binding family protein
SALK_123590.37.25.n
PRODUCT_SIZE 1037 Insertion chr1 23540741 BP+RP_PRODUCT_SIZE 458-758
LP AGAGCCATGACATTGACTTGG
Len 21 TM 60.13 GC 47.62
RP TCTGGTGAATGAAGAAGGTGG
Len 21 TM 60.10 GC 47.62

DIFF_TM 0.03

Gene Nº16: At5g60880 hypothetical protein
SALK_064805.54.50.x
PRODUCT_SIZE 1181 Insertion chr5 24505572 BP+RP_PRODUCT_SIZE 558-858
LP CACGAGAAGAGCTGGAGAGTG
Len 21 TM 60.33 GC 57.14
RP CTCAGATGAAGGAAGGGGATC
Len 21 TM 60.02 GC 52.38

DIFF_TM 0.31

SALK_128328.47.30.x
PRODUCT_SIZE 1238 Insertion chr5 24505813 BP+RP_PRODUCT_SIZE 553-853
LP TCACTACAGTCTACCGGTGGG Len 21 TM 60.04 GC 57.14
RP GAAGAATAACTCGCCGGAGAC Len 21 TM 60.22 GC 52.38
SALK_146173.47.70.x
PRODUCT_SIZE 1181 Insertion chr5 24505572 BP+RP_PRODUCT_SIZE 558-858
LP CACGAGAAGAGCTGGAGAGTG
Len 21 TM 60.33 GC 57.14
RP CTCAGATGAAGGAAGGGGATC
Len 21 TM 60.02 GC 52.38

DIFF_TM 0.19

DIFF_TM 0.31

Gene Nº17: At4g31805 WRKY family transcription factor
(Comment: "The description of this gene is wrong". Somssich, I (Tair 2006-11-24)
SALK_017627.43.60.x
PRODUCT_SIZE 1113 Insertion chr4 15386929 BP+RP_PRODUCT_SIZE 523-823 DIFF_TM 0.19
LP AAAACTCCAGGCTGAGGTAGG
Len 21 TM 59.76 GC 52.38
RP TTGCAATAAAGAATTCCACCG
Len 21 TM 59.95 GC 38.10
SALK_025419.38.10.x
PRODUCT_SIZE 1113 Insertion chr4 15386915 BP+RP_PRODUCT_SIZE 537-837
LP AAAACTCCAGGCTGAGGTAGG
Len 21 TM 59.76 GC 52.38
RP TTGCAATAAAGAATTCCACCG
Len 21 TM 59.95 GC 38.10

DIFF_TM 0.19
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SALK_042939.40.35.x
PRODUCT_SIZE 1234 Insertion chr4 15386984 BP+RP_PRODUCT_SIZE 589-889
LP AAAACTCCAGGCTGAGGTAGG
Len 21 TM 59.76 GC 52.38
RP ATGGTGGATTGCTACTTCACG
Len 21 TM 60.01 GC 47.62
Gene Nº18: At4g39040 hypothetical protein
SALK_076439.56.00.x
PRODUCT_SIZE 1009 Insertion chr4 18189284 BP+RP_PRODUCT_SIZE 488-788
LP CTATGGTTTACTCGGCTGCTG
Len 21 TM 59.91 GC 52.38
RP CATTCAAGGCTTACTTGAGCG
Len 21 TM 60.03 GC 47.62
SALK_126978.56.00.x
PRODUCT_SIZE 1009 Insertion chr4 18189284 BP+RP_PRODUCT_SIZE 488-788
LP CTATGGTTTACTCGGCTGCTG
Len 21 TM 59.91 GC 52.38
RP CATTCAAGGCTTACTTGAGCG
Len 21 TM 60.03 GC 47.62
SALK_130549.40.05.x
PRODUCT_SIZE 1031 Insertion chr4 18189131 BP+RP_PRODUCT_SIZE 450-750
LP GTTGTTTCTTGTTCACCAGGC
Len 21 TM 59.63 GC 47.62
RP AGGCGAAGAAGAAGGAAGTTG
Len 21 TM 60.00 GC 47.62
Gene Nº19: At5g14970 amine oxidase/ copper ion binding / quinone binding
SALK_020421.25.05.x
PRODUCT_SIZE 1073 Insertion chr5 4848786 BP+RP_PRODUCT_SIZE 477-777
LP GGTTGGTTTCGTGTTCACAAG
Len 21 TM 60.44 GC 47.62
RP CTCAACTGTCTTCACCGGAAG
Len 21 TM 59.89 GC 52.38
SALK_036830.55.75.x
PRODUCT_SIZE 1143 Insertion chr5 4848496 BP+RP_PRODUCT_SIZE 560-860
LP GTTTGGTGAAGTGGGTACACG
Len 21 TM 60.32 GC 52.38
RP CCTCAGGTGTTTGGAGACTTG
Len 21 TM 59.75 GC 52.38
Gene Nº21: At1g28530 hypothetical protein
SALK_007063.54.20.x
PRODUCT_SIZE 1135 Insertion chr1 10032159 BP+RP_PRODUCT_SIZE 513-813
LP ATCTGGTCGGAAATCTAAGCG
Len 21 TM 60.59 GC 47.62
RP ATCTGCGCAAGATATCGCTAC
Len 21 TM 59.50 GC 47.62
SAIL_562_B10
PRODUCT_SIZE 1221 Insertion chr1 10032116 BP+RP_PRODUCT_SIZE 556-856
LP AAAAGTGAGCACAAAAGTCGC
Len 21 TM 59.55 GC 42.86
RP ATCTGCGCAAGATATCGCTAC
Len 21 TM 59.50 GC 47.62
SAIL_659_F07
PRODUCT_SIZE 1066 Insertion chr1 10035198 BP+RP_PRODUCT_SIZE 512-812
LP TTTACTGTATTGCCGAATCGC
Len 21 TM 60.11 GC 42.86

DIFF_TM 0.25

DIFF_TM 0.11

DIFF_TM 0.11

DIFF_TM 0.37

DIFF_TM 0.55

DIFF_TM 0.57

DIFF_TM 1.09

DIFF_TM 0.06

DIFF_TM 0.08
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RP AGCGAAGTTAACCTCTCGAGG

Len 21 TM 60.03 GC 52.38

SAIL_708_F05
PRODUCT_SIZE 1202 Insertion chr1 10034329 BP+RP_PRODUCT_SIZE 526-826
LP TGTGTCAACCAGATTGGTCAG
Len 21 TM 59.58 GC 47.62
RP TTGCTAGGTTCATTCCCACAC
Len 21 TM 59.99 GC 47.62
Gene Nº22: At2g36720 PHD finger transcription factor putative
SALK_010831.41.90.x
PRODUCT_SIZE 1053 Insertion chr2 15406203 BP+RP_PRODUCT_SIZE 524-824
LP TCTGCTGTGCTGTTTTGACTG
Len 21 TM 60.23 GC 47.62
RP TTGAATACACCATGCTCGATG
Len 21 TM 59.56 GC 42.86
SAIL_24_B05
PRODUCT_SIZE 1177 Insertion chr2 15406678 BP+RP_PRODUCT_SIZE 516-816
LP ATGTTGAAAGCATCGTGGTTC
Len 21 TM 59.99 GC 42.86
RP ATCAGGTACAACATCGATGGC
Len 21 TM 59.83 GC 47.62
Gene Nº 23: At5g27560 hypothetical protein
SALK_045541.55.40.x
PRODUCT_SIZE 1084 Insertion chr5 9731901 BP+RP_PRODUCT_SIZE 461-761
LP ACCATCGTTGCAAATTTCTTG
Len 21 TM 59.99 GC 38.10
RP GCTCCTTCCAAATCATTAGGC
Len 21 TM 60.05 GC 47.62
SALK_045549.29.20.x
PRODUCT_SIZE 1084 Insertion chr5 9731906 BP+RP_PRODUCT_SIZE 456-756
LP ACCATCGTTGCAAATTTCTTG
Len 21 TM 59.99 GC 38.10
RP GCTCCTTCCAAATCATTAGGC
Len 21 TM 60.05 GC 47.62
SALK_132878.14.85.x
PRODUCT_SIZE 1146 Insertion chr5 9731482 BP+RP_PRODUCT_SIZE 464-764
LP ATTGGAAGTGTTGGTCCATTG
Len 21 TM 59.70 GC 42.86
RP AAAATTGTGTGGTGGAGAACG
Len 21 TM 59.88 GC 42.86
SALK_113584.50.70.x
PRODUCT_SIZE 1172 Insertion chr5 9732854 BP+RP_PRODUCT_SIZE 549-849
LP GATGGCCCTTCTTCTGATTTC
Len 21 TM 60.03 GC 47.62
RP CTTTTGATTCCTCAGCTGCAG
Len 21 TM 60.14 GC 47.62
Gene Nº24: At3g61310 DNA-binding family protein
SAIL_834_G09
PRODUCT_SIZE 1104 Insertion chr3 22701691 BP+RP_PRODUCT_SIZE 475-775
LP ATGTGTCTTATCCGCAAGTGG
Len 21 TM 60.01 GC 47.62
RP AAGGAGAACGAGTTCAGGCTC
Len 21 TM 60.01 GC 52.38

DIFF_TM 0.40

DIFF_TM 0.67

DIFF_TM 0.16

DIFF_TM 0.07

DIFF_TM 0.07

DIFF_TM 0.18

DIFF_TM 0.11

DIFF_TM 0.00
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Appendix D: Extended Annotation of Candidate Genes
The information presented here was retrieved from the National Center for Biotechnology
Information (NCBI) at http://www.ncbi.nlm.nih.gov/, whose primary source for Arabidopsis
information is The Arabidopsis Information Resource (TAIR). General Protein Information
includes the protein name/s, accession number/s and description. Gene Ontology information is
provided if available from database.
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Nº

Locus

1

AT1G34245

General Protein Information and Gene Ontology
Names
hypothetical protein
NP_564442.1
similar to EPF1 (EPIDERMAL PATTERNING
FACTOR 1) [Arabidopsis thaliana]
(TAIR:AT2G20875.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO64636.1); contains
domain PROKAR_LIPOPROTEIN (PS51257)
Cellular component: endomembrane system

2

AT1G14440

Names
ATHB31 (ARABIDOPSIS THALIANA HOMEOBOX
PROTEIN 31); transcription factor
NP_172896.1
similar to ATHB21/ZFHD4 (ZINC FINGER
HOMEODOMAIN 4), DNA binding / transcription
factor [Arabidopsis thaliana] (TAIR:AT2G02540.1);
similar to unnamed protein product [Vitis vinifera]
(GB:CAO46921.1); contains InterPro domain Homeobox
domain, ZF-HD class (InterPro:IPR006455); contains
InterPro domain ZF-HD homeobox protein Cys/His-rich
dimerisation region (InterPro:IPR006456); contains
InterPro domain Homeodomain-related;
(InterPro:IPR012287)
NP_973826.1
similar to ATHB21/ZFHD4 (ZINC FINGER
HOMEODOMAIN 4), DNA binding / transcription
factor [Arabidopsis thaliana] (TAIR:AT2G02540.1);
similar to unnamed protein product [Vitis vinifera]
(GB:CAO46921.1); contains InterPro domain Homeobox
domain, ZF-HD class (InterPro:IPR006455); contains
InterPro domain ZF-HD homeobox protein Cys/His-rich
dimerisation region
(InterPro:IPR006456); contains InterPro domain
Homeodomain-related; (InterPro:IPR012287)
Function: transcription factor activity
Process: regulation of transcription
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Nº
3

Locus
AT1G75240

General Protein Information and Gene Ontology
Names
ATHB33 (ARABIDOPSIS THALIANA HOMEOBOX
PROTEIN 33); DNA binding / transcription factor
NP_565106.1
similar to ATHB24 (ARABIDOPSIS THALIANA
HOMEOBOX PROTEIN 24), DNA binding /
transcription factor [Arabidopsis thaliana]
(TAIR:AT2G18350.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO22836.1);
contains InterPro domain Homeobox domain, ZF-HD
class (InterPro:IPR006455); contains InterPro domain
ZF-HD homeobox protein Cys/His-rich dimerisation
region (InterPro:IPR006456); contains InterPro domain
Homeodomain-related; (InterPro:IPR012287)
Function: DNA binding, transcription factor activity
Process: regulation of transcription

4

AT1G12860

Names
basic helix-loop-helix (bHLH) family protein / F-box
family protein
NP_172746.1
similar to F-box family protein [Arabidopsis thaliana]
(TAIR:AT1G13200.1); similar to predicted F-box and
bHLH containing protein [Overexpression vector
pFC12860OE]
(GB:ABK41847.1); contains InterPro domain Basic
helix-loop-helix dimerisation region bHLH;
(InterPro:IPR001092); contains InterPro domain Helixloop-helix DNA-binding; (InterPro:IPR011598); contains
InterPro domain Cyclin-like F-box
(InterPro:IPR001810); contains InterPro domain F-box
associated type 1 (InterPro:IPR006527)
Function: DNA binding, transcription factor activity
Process: regulation of transcription
Cellular component: chloroplast, nucleus
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Nº
5

Locus
AT3G17680

General Protein Information and Gene Ontology
Names
hypothetical protein
NP_188395.2
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT1G48405.1); similar to hypothetical protein
[Vitis
vinifera] (GB:CAN67913.1); contains InterPro domain
KIP1-like (InterPro:IPR011684)

6

AT1G12330

Names
hypothetical protein
NP_172697.2
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT5G12900.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO16971.1); similar to
hypothetical protein [Vitis vinifera] (GB:CAN82555.1)
Cellular component: chloroplast

7

AT5G65410

Names
ATHB25/ZFHD2 (ZINC FINGER HOMEODOMAIN
2); transcription factor
NP_201344.1
Identical to ZF-HD homeobox protein At5g65410
[Arabidopsis Thaliana] (GB:Q9FKP8); similar to
ATHB22/MEE68 (ARABIDOPSIS THALIANA
HOMEOBOX PROTEIN 22), DNA binding /
transcription factor [Arabidopsis thaliana]
(TAIR:AT4G24660.1); similar to hypothetical protein
[Vitis vinifera] (GB:CAN75153.1); similar to unnamed
protein product [Vitis vinifera] (GB:CAO61639.1);
contains InterPro domain Homeobox domain, ZF-HD
class (InterPro:IPR006455); contains InterPro domain
ZF-HD homeobox protein Cys/His-rich dimerisation
region (InterPro:IPR006456); contains InterPro domain
Homeodomain-related; (InterPro:IPR012287)
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Nº
8

Locus
AT3G01370

General Protein Information and Gene Ontology
Names
ATCFM2/CFM2 (CRM FAMILY MEMBER 2)
NP_186786.2
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT3G23070.1); similar to hypothetical protein
OsI_015679 [Oryza sativa (indica cultivar-group)]
(GB:EAY94446.1); similar to OSIGBa0130P02.2 [Oryza
sativa (indica cultivar-group)] (GB:CAH67138.1);
similar to unnamed protein product [Vitis vinifera]
(GB:CAO14836.1); contains InterPro domain
CRS1/YhbY (InterPro:IPR001890)

9

AT1G02150

Names
pentatricopeptide (PPR) repeat-containing protein
NP_171717.2
similar to pentatricopeptide (PPR) repeat-containing
protein [Arabidopsis thaliana] (TAIR:AT4G02820.1);
similar to unnamed protein product [Vitis vinifera]
(GB:CAO70507.1); contains InterPro domain
Tetratricopeptide-like helical; (InterPro:IPR011990);
contains InterPro domain Pentatricopeptide repeat
(InterPro:IPR002885)
Function: binding

10

AT3G18960

Names
transcriptional factor B3 family protein
NP_188526.2
similar to transcriptional factor B3 family protein
[Arabidopsis thaliana] (TAIR:AT4G01580.1); similar to
hypothetical protein [Vitis vinifera] (GB:CAN82368.1);
similar to unnamed protein
product [Vitis vinifera] (GB:CAO47718.1); similar to
unnamed protein product [Vitis vinifera]
(GB:CAO47719.1); contains InterPro domain
Transcriptional factor B3; (InterPro:IPR003340)
Function: DNA binding, transcription factor activity
Process: regulation of transcription, DNA-dependent
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Nº
11

Locus
AT3G61870

General Protein Information and Gene Ontology
Names
hypothetical protein
NP_191746.1
similar to unknown [Populus trichocarpa]
(GB:ABK95718.1)
NP_974476.1
similar to unknown [Populus trichocarpa]
(GB:ABK95718.1)
Cellular component: chloroplast inner membrane

12

AT4G30130

Names
hypothetical protein
NP_194742.1
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT2G19090.1); similar to hypothetical protein
[Vitis vinifera] (GB:CAN72045.1); contains InterPro
domain Protein of unknown function DUF632
(InterPro:IPR006867); contains InterPro domain Protein
of unknown function DUF630
(InterPro:IPR006868)

13

AT3G06220

Names
DNA binding / transcription factor
NP_187273.2
similar to transcriptional factor B3 family protein
[Arabidopsis thaliana] (TAIR:AT3G06160.1); similar to
hypothetical protein [Vitis vinifera] (GB:CAN82372.1);
similar to hypothetical protein [Vitis vinifera]
(GB:CAN82365.1); contains InterPro domain
Transcriptional factor B3; (InterPro:IPR003340)
Function: DNA binding, transcription factor activity
Process: regulation of transcription, DNA-dependent

14

AT1G63470

Names
DNA-binding family protein
NP_176536.2
similar to DNA-binding family protein [Arabidopsis
thaliana] (TAIR:AT1G63480.1); similar to DNA-binding
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Nº

Locus

General Protein Information and Gene Ontology
protein PD1 [Pisum sativum] (GB:CAA67290.1); similar
to DNA-binding PD1-like protein [Pisum sativum]
(GB:CAA67291.1); contains InterPro domain Protein of
unknown function DUF296 (InterPro:IPR005175);
contains InterPro domain HMG-I and HMG-Y, DNAbinding (InterPro:IPR000637)
Function: DNA binding

15

AT2G02540

Names
ATHB21/ZFHD4 (ZINC FINGER HOMEODOMAIN
4); DNA binding / transcription factor
NP_178358.1
similar to ATHB31 (ARABIDOPSIS THALIANA
HOMEOBOX PROTEIN 31), transcription factor
[Arabidopsis thaliana] (TAIR:AT1G14440.1); similar to
ATHB31 (ARABIDOPSIS THALIANA HOMEOBOX
PROTEIN 31), transcription factor [Arabidopsis
thaliana] (TAIR:AT1G14440.2); similar to unnamed
protein product [Vitis vinifera] (GB:CAO46921.1);
contains InterPro domain Homeobox domain, ZF-HD
class (InterPro:IPR006455); contains InterPro domain
ZF-HD homeobox protein Cys/His-rich dimerisation
region (InterPro:IPR006456); contains InterPro domain
Homeodomain-related; (InterPro:IPR012287); contains
InterPro domain Homeobox; (InterPro:IPR001356)

16

AT5G60880

Names
hypothetical protein

17

AT4G31805

Names
WRKY family transcription factor
NP_567883.1
similar to myosin heavy chain-related [Arabidopsis
thaliana] (TAIR:AT5G10890.1); similar to
Os02g0795200 [Oryza sativa (japonica cultivar-group)]
(GB:NP_001048383.1); similar to hypothetical protein
OsJ_019540 [Oryza sativa (japonica cultivar-group)]
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Nº

Locus

General Protein Information and Gene Ontology
(GB:EAZ36057.1); similar to hypothetical protein
OsI_009083 [Oryza sativa (indica cultivar-group)]
(GB:EAY87850.1)
Function: transcription factor activity
Process: regulation of transcription, DNA-dependent

Comment in Tair: The description of this gene (WRKY
transcription factor, identical to WRKY18) is completely wrong.
There is not sequence relationship of this gene to any WRKY
factor neither at the nucleotide or at the amino acid level. Please
correct this irritating mistake. thank you Imre E. Somssich.
Made 2006-11-24
18

AT4G39040

Names
hypothetical protein
NP_195615.1
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT2G21350.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO47229.1); similar to
hypothetical protein [Vitis vinifera] (GB:CAN73653.1);
contains InterPro domain CRS1/YhbY
(InterPro:IPR001890)
NP_849521.1
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT2G21350.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO47229.1); similar to
hypothetical protein [Vitis vinifera] (GB:CAN73653.1);
contains InterPro domain CRS1/YhbY
(InterPro:IPR001890)
Cellular component: chloroplast

19

AT5G14970

Names
amine oxidase/ copper ion binding / quinone binding
NP_197001.1
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT2G14910.1); similar to unnamed protein
product [Vitis vinifera] (GB:CAO14874.1); contains
InterPro domain Copper amine oxidase, N-terminal
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Nº

Locus

General Protein Information and Gene Ontology
region; (InterPro:IPR016182)
Function: amine oxidase activity, copper ion binding, quinone
binding
Process: amine metabolic process
Note: This gene was annotated as unknown protein at the time of
the screening January 2008.

20

AT1G48460

Names
hypothetical protein
NP_175279.1
similar to unknown protein [Arabidopsis thaliana]
(TAIR:AT5G63040.2); similar to unknown protein
[Arabidopsis thaliana] (TAIR:AT5G63040.1); similar to
unnamed protein product [Vitis vinifera]
(GB:CAO61244.1)
Cellular component: chloroplast

21

AT1G28530

Names
hypothetical protein
NP_174175.2
similar to unnamed protein product [Vitis vinifera]
(GB:CAO66376.1)
NP_973929.2
similar to unnamed protein product [Vitis vinifera]
(GB:CAO66376.1)
Cellular component: chloroplast

22

AT2G36720

Names
PHD finger transcription factor, putative
NP_850270.1
similar to protein binding / zinc ion binding [Arabidopsis
thaliana] (TAIR:AT2G27980.1); similar to unnamed
protein product [Vitis vinifera] (GB:CAO62972.1);
contains InterPro domain Acyl-CoA N-acyltransferase
(InterPro:IPR016181); contains InterPro domain Zinc
finger, RING/FYVE/PHD-type (InterPro:IPR013083);
contains InterPro domain Zinc finger,
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Nº

Locus

General Protein Information and Gene Ontology
PHD-type; (InterPro:IPR001965); contains InterPro
domain Zinc finger, FYVE/PHD-type;
(InterPro:IPR011011); contains InterPro domain Zinc
finger, RING-type; (InterPro:IPR001841)
Function: DNA binding
Process: regulation of transcription, DNA-dependent
Cellular component: nucleus

23

AT5G27560

Names
hypothetical protein
NP_568497.1
similar to unnamed protein product [Vitis vinifera]
(GB:CAO17622.1)

24

AT3G61310

Names
DNA-binding family protein
NP_191690.2
similar to DNA-binding family protein [Arabidopsis
thaliana] (TAIR:AT2G45850.1); similar to DNA-binding
family protein [Arabidopsis thaliana]
(TAIR:AT2G45850.2); similar to AT-hook DNAbinding protein [Gossypium hirsutum]
(GB:ABO42262.1); contains InterPro domain Protein of
unknown function DUF296 (InterPro:IPR005175);
contains InterPro domain HMG-I and HMG-Y, DNAbinding (InterPro:IPR000637)
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